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PROBLEMS 


EN Aa SS . 
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Problem1. Give an introduction of spectroscopy. Mention 
the electromagnetic radiations. 


Or, Relate the units : Micron, Angstrom and Nanometre. 
(Meerut 2007, 2006) 


[I] SPECTROSCOPY 


In organic chemistry, the most commonest and most important 
job is to determine the structural formula of a compound just 
synthesised or isolated from a natural source. The compound will 
fall into one of the two groups though at first we shall not know 
which group? It will be either (i) a previously reported compound, 
which we must identify or (ii) a new compound, whose structure 
we must prove. 


If the compound has already been reported by some other 
chemists, then a description of its properties will be found 
somewhere in the chemical literature. We then have to show that 
the compound prepared is identical with the one previously 
described. If, on the contrary, our compound is a new one that has 
never before been reported then we must carry out a much more 
elaborate proof of its structure. To carry out our investigations, we 
first purify the compound and determine its physical properties like 
melting point, boiling point, density, refractive index and solubility 
in different solvents. In the laboratory today, we would measure 
various spectra of the compound, in particular, the infrared 
spectrum and the NMR spectrum because spectroscopic 
examination gives us a wealth of informations. 


Spectroscopy is a technique which deals with the 
transitions that a molecule undergoes between its energy 
levels upon absorption of suitable radiations determined by 
quantum mechanical selection rules. i 

Quantum mechanics tells us that the energy, levels of all 
systems are quantized which are given by suitable quantum 
numbers. These energy levels are obtained by solutions of the 
time-independent Schrödinger wave equation. We now consider 
how a spectrum arises ? In figure (1), the two molecular energy 
levels are shown as E, and E,,. If a photon of frequency v falls on 
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(i) Adsorption spectrum (i) Emission spectrum 


Fig. 1. Spectroscopic transitions between molecular energy levels. 


a molecule in the ground state and its energy hv is exactly equal 
to the energy difference AE (= E,, - E,,) between the two molecular 
energy levels, then the molecule undergoes a transition from the 
lower energy level to a higher energy level due to absorption of a 
photon of energy, hv. he spectrum thus obtained is known as 
absorption spectrum. If on the contrary, the molecule undergoes 
a transition from the excited energy level to the ground state with 
the emission of a photon of energy, hv, the spectrum thus obtained 
is known as emission spectrum. 

The instruments most directly concerned with our primary 
interest, molecular structure, are the spectrometers—measures of 
spectra. The spectroscopic methods have several advantages over 
the classical methods of analysis which are as follows : 

(a) Spectroscopic methods take much less time. 


(b) For spectroscopic analysis, only a very small amount of the 
substance, say 1 mg or even less, is sufficient. 

(c) The substances remain generally unaffected or unchanged 
during spectroscopic examination and can be re-used for other 
tests, if required. 

(d) The spectroscopic methods are comparatively much reliable 
in establishing the structure and identity of a compound. 


Table 1: Symbols used in spectroscopy 


Symbol | Definition q 
y Frequency in Hz (cycles per second) 
A [Wavelength es 

nok _|Micrometre, as micron (p), 10% m eal 

nm. N | Nanometre, as millimicron (my), 10° ms = 
| UA [Angetrom, 107 10m or 107 nm oe 

em’! Wave number, Frequency in reciprocal cm or 
boos nee Se EES EEN, 
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[li] ELECTROMAGNETIC RADIATIONS 


We are already familiar with different kinds of electromagnetic 
radiation of light (visible, ultraviolet, infrared), X-rays, radio and 
radar waves. These are simply different parts of a broad spectrum 
that stretches from gamma rays, whose wavelengths are measured 
in fractions of an angstrom, to radiowaves, whose wavelengths are 
measured in metres or even kilometres. All these have the same 
velocity, 3 x 10'° centimetre per second. 

Mathematically, wavelength (A) of a radiation is related to its 
frequency (v) by the expression. 

c 
ie v 
where c is the velocity of the radiation and is equal to 3 x 101° 
cm/sec. As i and v are inversely related to each other, the shorter 
the wavelength, the higher the frequency and vice-versa. 


Table 2: Wavelength of electromagnetic radiations 


[fm =s 


Radiation Wavelength (Å) 
[Cosmic rays iL. Zero to i 0.001 t 
|Gamma rays 0.001 to | 0.1 = 
X-Rays l 0.1 to | 150 
Ultraviolet rays | 150 to | 3800 
| Visible rays 3800 to 7600 
PEPESE pet os 
Infrared rays 7600 to 6 x 10° 
Microwaves | 6 x 108 to - a 3x 10° 
|Radiowaves Ee 3x 10? to 


When a beam of electromagnetic radiation is passed through a 
substance, the radiation can be either absorbed or transmitted, 
depending upon its frequency and the structure of the molecules it 
encounters. Electromagnetic radiation is energy, and so when a 
molecule absorbs radiation, it gains energy. Just how much energy 
it gains, depends upon the frequency of the radiation. The higher 
the frequency (the shorter the wavelength) the greater the gain in 
energy. The gain in energy (AE) and frequency of radiation are 
connected by the following relation 

AE = hv 
where A is Planck’s constant (6.626 x 10°” erg sec). As AE and v 
are directly related, radiation with higher frequency (or shorter 
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wavelength) leads to a greater gain in energy. In other words, the 
shorter the wavelength of a radiation, the more energetic it is. 

The units commonly used to express the wavelengths of 
ultraviolet, visible and infrared radiations are Greek symbols, 
micron (u) and millimicron (my). 

1p = 1000 mp = 10 * cm. 

Occasionally, the unit Angstrom (A) is used to denote 
especially ultraviolet and visible radiations. 

1A=0.1 mp = 10% u = 10° cm. 

More recently, the wavelength of ultraviolet and visible 
radiations are expressed in nanometres (nm). 

lnm = 1 mpu = 10y = 10 Å. 

The frequency is usually expressed in Hertz (Hz), or 
cycle/second. 

1 Hz = 1 cycle/second. 

Sometimes, molecular spectra are expressed in frequency units 
which are reciprocal centimetres (cm). A reciprocal centimetre 
shows the number of wavelengths per centimetre and is known as 
wave number (V). 

Wavelength in u units can be converted into wave numbers 
(cm) by the following expression: 

104 
A (in p) 

The approximate range of wavelengths, frequencies and 

energies of different types of radiations are given in table 3. 


Wave number (cem7}) Z 


Table 3 
Types of Wavelength (A) Frequency Energy 
radiation (Upper limit) (Hz or s`!) (kJ mol") 
0.001 3x 1077 1.2 x 10° 
1 3x 1076 1.2 x 10° 
___ 150 2x10! 8.98 x 10° 
__ 380 7.9 x 1074 3.16 x 10? 
___7600 l 3.95 x 1014 1.58 x 10? 
__ 6x 108 5x10 1.99 x 107 
3x 109 10° 3.99x10* _ 


3x108 | 10 | 399x108 | 
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Problem 2. What are the different regions of spectrum? 


[1] Origin and Regions of Electronic Spectra 

Electronic spectra can be classified into following two types : 

(a) Emission spectra 

(b) Absorption spectra 

(a) Emission Specira : When a substance is subjected to a 
large amount of heat or to an electric discharge, its atoms or 
molecules absorb energy and are excited. When these excited 
species return to their ground state, they may emit radiation which 
on passing through a prism gives rise to a spectrum, known as 
emission spectrum. If such a spectrum is recorded on a 
photographic plate, the atoms in it appear as bright lines on a dark 
background, and that of molecule appear as bands. 

(b) Absorption Spectra : If we place a coloured substance 
between the prism and the source of light, a portion of the light in 
the continuous spectrum may be absorbed and we get black bands. 
If, for example, a scdium flame is placed between white light source 
and the prism, the continuous spectrum of white light is crossed 
by two dark lines in the yellow region. If white light source is now 
removed, the whole of continuous spectrum disappears leaving 
behind only two bright yellow lines occupying the position of the 
two dark lines in the former case. These dark lines are called 
absorption line spectrum or simply absorption spectrum. 

During absorption, some of the molecules in the path of 
incident light collide with photons of radiant energy. However, only 
those photons get absorbed whose energy exactly equals the 
difference in energy, AZ between the ground and excited states of 
the molecules. 


[II] Types of Absorption Spectra 


The internal energy of a molecule may be considered to be the 
sum of electronic, vibratioal, rotational and translational energies, 
Le., 

Einternal z Ealect + Eyib + Erot + Etrans 

Translational energy is not quantized so it is negligibly small 
and we can neglect it, hence 


Einternal = Eelect + Evin + Erot 
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(1) Ultraviolet (UV) spectroscopy : For each electronic level 
within the molecule there is an energy separation of nearly 10° cal 
mole™!. Therefore, electronic excitation requires energetic photons 
of A ~ 286 nm from ultraviolet range (200-400 nm). This is called 
ultraviolet (UV) spectroscopy. 

(2) Infrared (IR) spectroscopy : We find a number of 
associated vibrational levels between two successive electronic 
levels X and Y, the energy separation between the former levels is 
one tenth to a hundredth of that between X and Y. Further, each 
vibrational level is associated with a set of rotational states and 
the energy separation is of the order of a hundredth of that between 
two vibrational levels. 

Photons from IR range (2000 to 20,000 nm) possess sufficient 
energy to excite the molecule from one vibrational level to another. 
In IR spectroscopy, the radiation absorbed produce stretching and 
bending of organic bonds. 

(3) Nuclear magnetic reasonance (NMR) spectra : The 
wavelength of radiations absorbed by atomic nuclei are under the 
influence of strong magnetic fields. Thus, NMR spectra span the 
radio-frequency regions, viz., 5-100 MHz which induce transitions 
between the nuclear spin energy levels of a molecule. 

Problem 3. Describe the basic features of different 
spectrometers. 

The schematic diagram of the apparatus for absorption 
spectroscopy is given in Fig. (2). 


Cso J—> [sm |—> [Moa ] 


| 


Rei Ja [D e [aaar] 


Fig. 2. Apparatus foy absorption spectrescopy. : 

The spectrometer is employed when absorption occurs in 
infrared and ultraviolet regions of the electromagnetic spectrum. 
The source in a spectrometer produces radiation spanning a range 
of frequencies, but in a few cases, it is almost a monochromatic 
radiation. The radiation seurce in an absorption spectrometer 
consists of a heated ceramic filament coated with the rare earth 
oxides for the infrared region. For visible region of the spectrum, 
the source is a tungsten filament which gives out intense white 
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light. For ultraviolet region, the source is a hydrogen discharge 
lamp. To generate microwaves, klystron or more commonly, a 
semiconductor device called Gunn diode is used. The radio 
frequency radiation is produced by causing an electric current to 
oscillate in a coil of wire. 

The variation of absorption with frequency is determined by 
analysing the spectral radiation by means of a dispensing element 
which separates different frequencies into rays that travel in 
different directions. The simplest dispensing element consists of a 
glass or quartz prism, but a diffraction grating is widely used. 
Diffraction grating consists of a glass or ceramic plate into which 
fine grooves have been cut nearly 1000 nm apart (a spacing 
comparable to the wavelength of visible light) and covered with a 
reflective aluminium coating. The grating produces interference 
between waves reflected from its surface and constructive 
interference occurs at specific angles that depend on the frequency 
of the radiation used. So, each wavelength of light is directed into 
a specific direction. 

The third component of spectrometers is the detector. It is a 
device that converts the spectral radiation into an electrical signal 
that is passed on to a recording device operating synchronously 
with the analyzer. It thus produces either a trace on a chart 
recorder or a computer record of the spectrum. Common detectors 
are the radiation sensitive semiconductors. The radiation is 
chopped by a shutter which rotates in the beam so that an 
alternating signal is produced from the detector. A modulator is 
introduced to change the signal to an alternating character. This 
method helps more AC electronics to be used in in the recording 
stages. In the microwave region, the source frequency is varied and 
the analyser is not necessary. 

The highest resolution is obtained when the sample is gaseous 
and at such low pressure that collisions between molecules are not 
frequent. In order to get sufficient absorption, the path lengths of 
gaseous samples must be very long, of the order of metres. Long 
path lengths are obtained by multiple passage of the beam between 
two parallel mirrors at each end of the sample cavity. For infrared 
spectroscopy, the sample is a liquid held between windows of 
sodium chloride (which is transparent down to 700 cm!) or 


potassium bromide (down to 400 cm”). Other methods of preparing 
the sample include grinding it into a paste with ‘Nujol’, a 
hydrocarbon oil, or pressing it into a solid disk with powdered 
potassium bromide. 
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Problem 4. What are different laws which govern 
spectroscopy? How is spectral data presented? 


[I] Laws of Light Absorbance 


The electronic spectra of organic compounds are usually 
recorded in solution and involves the use of the following laws : 


(1) Lambert’s law : When a homogeneous absorbing medium 
absorbs monochromatic radiation, then the rate of decrease of 
intensity of radiation with thickness of the absorbing medium is 
directly proportional to the intensity of the incident radiation, 
ie., 


dI 
aS I 
dI 
or , ~ ae ... (1) 
where Z= Intensity of radiation after passing through a 
thickness, x 
dI= change in intensity on passing through a small 
thickness, dx 


k= absorption coefficient. 
Equation (1) can be written as 


7 77 hax 
or a: dx 
h Í 0 
I 
or log, ine ... (2) 
or -T 
0 
or T=Iy.e™ . (3) 


where J, is intensity of incident radiation and J is its intensity after 


travelling through a medium of thickness x. 
Equation (2) can also be written as, 


2.303 logio A = — kx 
0 


I_-k 
or logio I, 2303 %77% 
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—_ = ~ ax 
or A 10 
or I=Iy.10 
k 
Pac a = 2.303 


where a = extinction coefficient of the absorbing medium. 


(2) Beer’s law : When a solution of an absorbing substance 
absorb radiations of monochromatic light, then the rate of decrease 
of intensity of radiation is proportional to the intensity of incident 
radiation as well as the concentration ot the solution 


dI 
-E 

di _,, 
-7f Ic 


where, c= Concentration of the solution in mole/litre 


k’= molar absorption coefficient and its value depends 
upon the nature of the absorbing substance. 


On proceeding as in Lambert’s law, we get 


I 
log i - ecl 
I 
or log T = eel 
or A=ecl 


I 
where A = log F = optical density or absorbance of the solution 


Iọ= intensity of incident light 
I= intensity of transmitted light 
c= concentration (mole lit) of solution 
containing the absorbing substance 
l= length (cm) of the sample tube containing the 
solution 
€(epsilon)= absorptivity coefficient or molecular 
extinction coefficient at a particular 
wavelength. 
If T is the transmittance of the solution, then T = IIo. The 


wavelength at which a molecule possesses its highest absorptivity 
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coefficient (Emax) is denoted by in 95% EtOH 
imax: A Spectra of any compound 


may contain several different 200 
maxima each with its 
characteristic value of €,,,,, aS 
shown in figure (3). 

The infrared spectrum, for 
example, exhibits several sharp 
peaks, whereas its ultraviolet 
spectrum shows only a broad 
band. In general also, 230 250 270 
ultraviolet-visible spectra shows 
only a few broad bands, but IR 
spectra are usually complex 
exhibiting a series of sharp peaks. 


Amu ——> 


Fig. 3. 


[It] Presentation of Spectral Data 


A graph plotted between absorbance or absorptivity (€ or log £) 
and wavelength (in nm represents the absorption spectrum of an 


Sample Detector 
T Monochromator 
ight soure 
p : Recorder 
Fig. 4. 


organic compound. We measure only the values of €,,,, and Apay. If 
the molecular weight is unknown, € cannot be calculated. In such 
a case, log (I,/J) or £1”, for 1% solution or 1 cm path length is 


icm 

plotted against wavelength. Absorption minima and absorption 
maxima are those points on the absorption curve at which the 
absorbance attains a minimum or maximum value, respectively. An 
inflexion is produced when a discontinuity or a shoulder appears 
on a curve of increasing or decreasing absorbance. As already 
written, the instrument used for measuring the amount of light 
absorbed at each wavelength of the incident radiation is known as 
spectrometer. A spectrograph is an instrument which makes a 
photographic record of the spectrum. A spectrophotometer is an 
instrument which involves the use of a photoelectric cell to provide 
a quantitative measure of the light intensity of each wavelength. 
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Problem 5. Discuss the different types of energy transitions. 

Electronic transitions for organic molecules involve absorption 
of ultraviolet or visible radiation by electrons in o,n or n-orbitals 
and results in their promotion to’ some higher energy antibonding 
orbital (excited state). 


* * * * 
The transitions areo—>6,n~o,n-n and t->n when 
. selection ge are applied, n- n" transition is forbidden, while 


only o > o“, n > o” and n —> n” transitions are allowed. 


CAO 


SI IO DS 


Fig. 5. Bonding and antibonding molecular orbitals. 


The energy level scheme for a molecule is shown in figure (6). 
From the figure, it is evident that energy values for different 
transitions are in the following order. 


* * * * 
n>n <T> <noo <o90 


The main features of all the above mentioned transitions are 
mentioned below : o* (Antibonding) 


" . : 
a) o- 5 Transitions : n* (Antibonding) 


These transitions occur in 
only those compounds in 
which all the electrons are 
involved in single bonds and 
no lone pairs of electrons are Fig. 6. Energy levels and transitions in 
available, eg., saturated simple organic molecules. 
hydrocarbons. The energy 


n* (Nonbonding) 
n (Bonding) 


Energy 


o (Bonding) 


required for o— o' transitions is appreciably large, so the 
absorption band occurs in the far ultraviolet region (125-135 nm), 
e.g., methane and ethane show a bond at ànax ~ 121.9 nm and 135 
nm, repectively, corresponding to o — o* transition. 

Such transitions cannot normally be observed by commercial 
spectrophotometers, as they do not generally operate at 
wavelengths less than 180-200 nm. 
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(2) n->n Transitions : These transitions are shown by 
unsaturated molecules which contain atoms such as nitrogen, 
oxygen, sulphur etc. These transitions show a weak band in their 
absorption spectrum. As there are no C=C and C=C bonds in 


aldehydes and ketones, the band due to n > n” transition generally 
occurs in the range 270-300 nm (2700-3000 A). On the contrary, 
carbonyl compounds having double bonds separated by two or more 


single bonds show n > n° transition in the 300-350 nm range. 
The general characteristics of n > n“ bonds are low intensity 


(normally less than 1500) and are shifted to shorter wavelengths 
by more polar solvents as well as by electron donating groups. In 


the spectra of simple molecules, n > n“ transitions require the 
least energy and the corresponding bands are of longest 
wavelength. 


In aldehydes and ketones, the n > n` transition arises due to 
the excitation of a lone pair of electrons in the 2p, orbital of the 


oxygen atom into the antibonding n” orbital of the carbonyl group. 
On replacing the hydrogen atom by a methyl] group in aldehyde 


group, a shift of band is observed due ton —»n* transition to shorter 
wavelengths. 


C=0: —» >C=0:(n>7°) 

(3) n—n Transitions : These transitions involve the 
excitation of an electron from a bonding 1-orbital to an antibonding 
z“ orbital. Molecules which have a n electron system show 
n > n” transitions. However, selection rules determine whether a 


transition to a particular n“ orbital is allowed or forbidden. Simple 
she phot consisting of multiple bonded units such as 


—C =C — — C= C —, — C =N, —N =N — — C=O, undergo 


n— 1 transitions in short wavelength regions of ultraviolet light. 
When a 7 electron is excited by ultraviolet radiation, it moves from 


a stable (bonding) x orbital to an unstable 7 (n°) orbital, as shown 
below : 


C=0: —» >C——0O0:(n—> 7"). 
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In the spectrum of ethylene, an intense band occurs at ~ 174 
nm and a weak band at ~ 200 nm. Both these bands are due to 


n— n“ transitions. According to selection rules, the band at ~ 174 
nm shows an allowed transition. The intensity of absorption by 
ethylene is mainly independent of the solvent because of non-polar 
nature of the olefinic bond. Alkyl substitution of the olefins makes 
the absorption to occur at a longer wavelength. This effect is known 
as bathochromic effect (a red shift). This effect is progressive as the 
number of alkyl groups increases. The ultraviolet absorption 
spectrum of benzene shows three bands, a weak band at ~ 260 nm 
and two intense bands at ~ 180 - 200 nm. 


(4) n> o* Transitions : In addition to o > 0” transitions, 
saturated organic compounds with lone pair (non-bonding) 


electrons undergo n —> o“ transitions. The energy required for 
n= o transition is generally less than that required for a 


o— o“ transition and the absorption bands appear at longer 
wavelengths in the near ultraviolet (180-200 nm) range. Some 
compounds absorb at slightly longer wavelengths. Methyl chloride, 
methyl alcohol and trimethylamine show the characteristics of 


n — o” transitions. 
Problem 6. Explain the following terms : 


(i) Chromophores (Meerut 2005) 
(ii) Auxochromes (Meerut 2005) 
(iii) Spectroscopic shifts. 


[I] Chromophores 


Chromophores are any isolated covalently bonded groups that 
absorb selective wavelengths and even small structural changes 
bring about perceptible changes in the radiation absorbed, e.g., 
ethylenic, acetylenic, carbonyls, acids, esters, nitrile groups etc. 


[It] Auxochromes 


Auxochrome is any group which does not itself act as a 
chromophore, but whose presence brings about a shift of the 
absorption band towards the red end of the spectrum, e.g., 
-—OH, —OR, —NH,, —NHR, —NR,, —SH etc. 


The chromophore is any system which is responsible for 
imparting colour to the compound, while auxochrome is colour 
enhancing group. It extends the conjugation of a chromophore by 
the sharing of non-bonding electrons. 
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[Ill] Spectroscopic Shifts 


The protonation of a functional group introduces profound 
changes in the spectra. Thus, the spectrum in such cases is strongly 
dependent upon pH. Solvent effects, too, are useful in identifying 


the nature of these transitions. The n > n” transitions are altered 
by the solvent effects in cases where the lone pair of electrons in 
oxygen or nitrogen-containing systems interact with polar solvents. 
It is customary in spectroscopic literature to refer to the shifts in 
absorption bands and their intensity changes are as follows : 

(1) Bathochromic shift (or, the red shift) : A shift of A,,,, to 
longer wavelengths. 

(2) Hypsochromic shift ( or, the blue shift) : A shift of Anax to 
shorter wavelengths. 

(3) Hyperchromic shift : An increase in the intensity of an 
absorption band, usually with reference to its molar extinction 
coefficient €nax 


Hyperchromic 
shift 


Bathochromic 
shift 


Hypsochromic 
shift 


Hypochromic 
shift 


Emax ——> 


Wavelength (Anax) —————_> 


Fig. 7. Shifts of intensity by different absorption. 


(4) Hypochromic shift : A decrease in the intensity of an 
absorption band usually with reference to its molar extinction 
coefficient Emax: 


Problem 7. What is UV-spectroscopy? Discuss the origin 
and theory of ultraviolet spectra. 


Ultraviolet spectroscopy is a technique which is at present 
commonly used in the detection of impurities in organic 
compounds. It is also employed in determining the molecular 
weights, dissociation constants of acids and bases, in the study of 
kinetics of certain reactions in the ultraviolet range. 
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The ultraviolet range can be divided into two spectral regions : 

(i) The region between 2000 to 4000A which is known as near 
ultraviolet region. 

(ii) The region below 2000A which is known as far or vacuum 
ultraviolet region. 

As already mentioned, the wavelengths in the UV region is 
expressed in nanometre (lnm= 107cm) or angstrom 
(1A=10°% cm). The absorption is generally expressed in wave 
numbers (V = cm”). 

This spectroscopic technique is not useful below 200 my 
because in this region absorption occurs by oxygen and nitrogen. 


To study absorption below this region, the whole path length is 
evacuated. Hence, this region is called vacuum ultraviolet region. 


Origin and Theory of Ultraviolet Spectra 


The ultraviolet absorption spectrum occurs due to transition of 
electron within a molecule or an ion from a lower to a higher 
electronic energy level. The ultraviolet emission spectra occurs due 
to the reverse type of transition. If the radiation is to cause 
electronic excitation, it must be in the ultraviolet region of the 
electromagnetic spectrum. 

If a molecule after absorbing ultraviolet radiation of frequency 
v sec’, undergoes transition from a lower to a higher energy level, 
the energy difference is given by 

AE = hv erg 
where A is Planck’s constant. 

The actual amount of energy required depends on the 
difference in the energy between the ground state E, and excited 


state E of the electrons. The above equation now becomes 
E> -E 1= hy 

The spectra of simple molecules in the gaseous state have 
narrow absorption peaks, where each peak represents a transition 
from a particular combination of vibrational and rotational levels 
in the electronic ground state to a corresponding combination in 
the excited state. In ultraviolet range, the absorbed energy 
produces changes in the valency electrons of the molecules. 

The electrons involved in organic molecules are as mentioned 
below : 
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(i) n-Electrons : These electrons are involved in unsaturated 
hydrocarbons. Some typical compounds containing n-bonds are 
trienes and aromatic compounds. 

(ii) o-Electrons : These electrons are involved in saturated 
bonds between carbons and hydrogens as in paraffins. These bonds 
are also known as o-bonds. The amount of energy required to excite 
electrons in o-bonds is much more than that produced by 
ultraviolet light. Compounds containing such bonds, therefore, do 
not absorb ultraviolet radiation. For this reason, paraffn 
compounds are usually used as solvents. 


(iii) n-Electrons : These electrons are not involved in bonding 
between atoms in the molecules, eg., organic compounds 
containing nitrogen, oxygen, sulphur or halogens. As n-electrons 
can be excited by ultraviolet radiation, any compound containing 
nitrogen, oxygen, sulphur or halogens or unsaturated hydrocarbons 
may absorb ultraviolet radiations. 


Problem 8. Discuss the basic features or main components 
of ultraviolet spectrophotometer. (Meerut 2007, 05) 

The main components of an ultraviolet spectrophotometer are 
mentioned below : 

(1) Radiation source : Generally, a hydrogen-discharge lamp 
is the source for ultraviolt radiations (200-400 nm), while a 
tungsten filament lamp is commonly used to produce visible 
radiations (400-800 nm). 

(2) Monochromator : It is used to disperse radiation 
according to a desired wavelength. 


(3) Sample cells : These cells are used to contain samples for 
analysis. A cell is made up of that material which does not absorb 
light in the region being studied. Generally, quartz cells are used 
in the ultraviolet and visible regions. 

(4) Detectors : Generally, barrier layer cell, photocell, photo 
multiplier tube are used. 

(5) Recording system : The unknown compound is first 
dissolved in a suitable solvent at a proper concentration. The 
solution is then placed in a suitable cell. An identical cell containing 
only the solvent is used at the same time to serve as the control 
cell. The cell containing the sample is then exposed to UV or visible 
radiation of appropriate wavelength. The instruments are so 
designed that they directly measure the optical density of the 
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solution at the desired wavelength. The wavelength of radiation is 
then changed, and a new value of optical density is measured. In 
this way, a number of values of optical density are recorded over a 
range of wavelengths. A graph is plotted between wavelengths as 
abscissa and optical density readings (or molar extinction 
coefficients, £, as optical density = £, c . l) as ordinate. The resulting 
graph is known as ultraviolet spectrum, which may consist of one 
or more broad peaks or humps. The wavelength corresponding to 
the top of the peak is taken to be the value of A,,,,. The values of 
max and e at the wavelength are shown, while giving UV spectral 
data of a compound. 

In a self recording spectrophotometer, the plotting of graph is 


done automatically by the movement of a pen on a chart. 


Sample beam Sample 


"e 


Rotating 


prism Optical device 


Light 
source Y 
X and Y —>Mirrors 

A and B ——> Photocells 


Reference beam 


Moötör Amplifier 


Fig. 8. UV. spectrophotometer 

Problem 9. Mention some important applications of 
ultraviolet spectroscopy. (Meerut 2007) 

Some important applications of ultraviolet spectroscopy are as 
follows : 

(1) Qualitative analysis : Identification of compounds can be 
done by comparing absorption spectrum with known compound. A 
curve is plotted between wavelengths (A) and degree of absorption 


(£). 
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(2) Quantitative analysis : The technique is also used for 
quantitative analysis of compounds. This is based on Beer’s law. In 
the determination of concentration of an unknown compound, 
wavelength of maximum absorption for compound is selected. Then 
optical densities are measured for some known compounds. Now 
the optical density is plotted against concentration of solute over a 
range of concentrations. A straight line is obtained and from this 
graph, the concentration of unknown solution is evaluated. 

(3) Chemical kinetics : The technique is helpful for studying 
the kinetics of a reaction. Here change in concentration of either a 
reactant or product with time is measured. As absorbance is 
proportional to concentration, so this technique can be used to 
follow the course of a reaction. 

(4) Molecular weight determination : Molecular weights of 
compounds can easily be determined by this technique provided 
suitable derivatives of these compounds could be prepared. 

Take a picrate and change it into aminopicrate. A known 
concentration of it is dissolved in one litre of solution and its optical 
density measured at A,,,,=380nm. The concentration c is 


determined by the formula 


log To 
I, 
c=— 
Emax Xl 
From this, c is calculated. The weight w of aminopicrate is 
known. From c and w, molecular weight of aminopicrate can be 
calculated. From it, the molecular weight of parent compound can 
be determined. 
(5) Dissociation constant of acids and bases : Consider the 
reaction : 


HA + H0 —> H30* + A7 
where A is conjugate base. 
The dissociation constant K can be written as : 
24,0° Xaa 
= aHa — 
where a represents activity. 


If solutions are dilute, the activity terms caa be replaced by 
concentrations of the species at equilibrium. Se, 
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H30° | [A7 
K- [HĦ30"] [ J 
[HA] 
On taking logarithm of both sides, 
log K = log [H30] + log [A7] 


or -log K = - log [H30* ] - log [A7 ] / [HA] 
A l IHA] 
or pK = pH -log [HA] pH + log AT 


From the above equation, pK can be calculated if 
log [HA] / [A7] is known at a particular pH. The ratio [HA / [A7] can 
easily be determined from the graph plotted between absorbance 
and wavelength at different pH values. 

(6) Tautomeric equilibrium : The technique has been proved 
very helpful in determining the percentages of keto and enol forms 
in tautomeric equilibrium. Take an example of ethyl acetoacetate. 


CH;—C—CH,COOC,Hs ==> CH3C(OH) =CHCOOC Hs. 
The keto form has A,,,, = 275 nm and €= 16, while enol form 
has À max = 244 nm and e = 16000. 


From strength of 244 nm band, we can measure proportions of 
tautomers present in ethyl acetoacetate. 

(7) Detection of impurities : The impurities present in 
organic compounds can easily be detected by UV absorption 
spectroscopy. The main reasons for the superiority of this method 
are : 

(i) The bands due to impurities are very intense. 

(ii) The organic compounds can be classified into saturated 
compounds Faving little absorption, while the unsaturated 
compounds have strong absorption bands. 

Problem 10. Write a short note on Born-Oppenheimer 
approximation. 

The system of two protons and one electron presents a typical 
three-body problem, and no exact (analytic) solution is possible for 
the motions of three interacting bodies, either in classical or 
quantum mechanics. 

An important approximate treatment, however, can be applied 
to this and other molecular problems that involve systems of nuclei 
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and electrons. The masses of nuclei are some thousands of times 
the mass of an electron, and nuclear motions are slow and 
ponderous compared to those of electrons. The motions of nuclei as 
they vibrate in molecules are so slow compared to motions of the 
electrons that we can calculate the electronic states (wave functions 
and energy levels) on the assumption that the nuclei are held in 
fixed positions. This method was first used by Max Born and J. 
Robert Oppenheimer (1927) and is known as Born—Oppenheimer 
approximation. It has been basic to most quantum mechanical 
calculations of the properties of molecules. 

As a result of the Born-Oppenheimer approximation, we can 


fix the positions of the nuclei in a molecule and then calculate the 
stationary-state wave functions for the electrons in this system of 


fixed nuclear charges. In the case of the H3 system in fig. (9), the 
distance R is held constant, and only r, and r, are varied. Once this 
problem is solved, a new fixed value of R is taken, and the problem 
of the electronic motion solved for this new value. The internuclear 
distance R is thus a constant parameter in any one calculation. 
When the calculations have been made for a number of values 
of R, the energy E (R) of the system can be plotted against R. The 
curve that results from the calculations for H; is shown in fig. (10). 
Such a plot is usually called the potential-energy curve for the 
diatomic molecule. The force between the nuclei is given by the 


Energy-kJ mol ! 


Internuclear distance, R/pm 


Fig. 9. Coordinates of Hj at a par- Fig. 10. Energy of Hj as function 
ticular internuclear distance, of internuclear distance, R 
R 
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derivative of this effective potential-energy function E(R) at any 
separation R between the nuclei, F=-(dE/0R). Note that the 
energy E(R) contains the potential energy of internuclear repulsion 
and both the potential and kinetic energies of the rapidly moving 
electrons. The E(R) is the effective potential energy for the 
vibrating motion of the nuclei. It is identical with the vibrational 
potential energy. 

Problem 11. Derive an expression for the rotational 
energy of a diatomic molecule by assuming it to be a rigid 
rotator. Draw the rotational energy level diagram for such 
a molecule. 

On the basis of wave mechanics, it can be seen that if diatomic 
molecule is considered to be a rigid rotator, i.e., like a rigid dumb 
bell joined along its line of centres by a bond equal in length to the 
distance rọ between the two nuclei Centre of 
(Fig. 11), then the allowed 
rotational energies of the molecule 
around the axis passing through 
the centre of gravity and 
perpendicular to the line joining 
the nuclei are given by Fig. 11. Rigid rotator. 

h2 
E, =—;— d (J + 
"gn? I ie 


where J is the rotational quantum number. It can have values 0, 
1, 2, 3 etc. The term J is the moment of inertia of the molecule about 
the axis of rotation, and is given by, 
r=] “272 | 8 = wr 

mı +t mg 
where m, and m, are the atomic masses of the two atoms of the 
diatomic molecule and u is known as reduced mass, given by, 

mı m 


~ my+ mg 


[I] Expression For Rotational Energy 


We know that the centre of gravity of a diatomic molecule is 
the point which satisfies the following condition (1) 


mı rı =mM2rz2 a (1) 
The moment of inertia of the diatomic molecule is given by, 
L=m,r3+mgr3 w. (2) 
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= Mo roryi +tMıTrır2 


= r1 r2 (mı + m2) ... (3) 
But ry +Tog=7o ... (4) 
From equation (1), mı rı = Mg (ro ~- rı) 
or Mı rı =Mgrqg-Mgry 
or mı rı + mgri = mgro 
or (mı + my) ry = Mg ro 
Mgr 
or r= BARALE .. (5) 
mı + mo 
aari myro 
Similarly, rg = ——— .. (6) 
mı tMg 


Substituting the values of r, and r, in equation (2), we get 


2 2 
mymg 9 mı m2 r 


= z'o 2 
(m, + mo) (m, + mo) 
mı mo (mı tmo) 9 mımg 2 

= Lotinae SS 0 

(mi + my)" my + mg 


lle BAL (7) 
mı +t mgo a 


= ur? | where u = 
Now, by definition, the angular momentum of a rotating molecule 
is given by 
L=la ... (8) 
where w is the angular velocity (just as linear momentum is given 
by the product of mass and velocity). 
However, angular momentum is quantized whose values are 
given by 


L= vI 3 D (9) 


where J = 0, 1, 2, 3 ..., called the rotational quantum numbers. 
Further the energy of a rotating molecule is given by 


E=3lo 
The quantized valuc of the rotational energy will be given by 
_1,2 (Uw) L? 
E,= z 10 => * af ... (10) 
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Substituting the value of L from equation (9) in equation (10), we 
get 
hè 1 
E, =J (J +1) ne Xo 


h2 
or E. =-~; J J +1 ... (11) 
rT ( ) ( 


Putting J=0,1,2,3 etc. in equation (11), pattern of the 
rotational energy levels obtained will be as shown in figure (10). It 
is clear that the spacing between the energy levels increases as J 
increases, because of the factor J (J + 1) in equation (11). 

Problem 12. Give a qualitative description of a non-rigid 
rotor. J 


The bonds in a diatomic molecule are 3 Ip oe 
supposed to be elastic to a certain extent. Byes 
The elasticity in some molecules changes 2 Ghin 
Such a; 2h2/872] 

(i) An electric bond may have vibrational 
energy. 0 

(ii) The quantities randB change ° 
during a vibration. Fig. 12. Rotational 


E rigi . energy levels of a 
When the spectrum of a non-rigid rotor is diatomic molecule 


taken, the above two facts must be taken into treating it as a rigid 
consideration. For a non-rigid rotor, rotator. 
Schrodinger’s wave equation provides the 

following rotational terms; 


h? ht 2 2. 
E; =—; d (J + 1) - —— s J" (J +1) joules 
T 8I KER 32 nt I? rk E 
E; 2 2-1 
or Ey= 7, = BI J+ 1) -DI (J +1)* cm 


where B is rotational constant which depends on the moment of 
inertia and rotational quantum number J. The value of B is given 
by, B = h/8n? Ic. The factor D is known as centrifugal distortion 
constant whose value is given by, 

ee cae 

~ 8274 F2he a 
where k is force constant and given by, 

k= 40 wo cu 

where is the vibrational frequency expressed in cm™. 
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From the defining paee B and D, we can show that, 
16 B? nêuc? 4B? 
k ee 

It is generally found that vibrational frequencies are of the 
order of 10° cm™. The value of B is found to be of the order of 
10 cm™. The value of D as given by equation (1), is of the order of 
10° cm", which is very small as compared to that of B. 

Problem 13. Derive an expression for the frequency and 
wave number of lines in the rotational spectrum. 

We know that the allowed rotational energies are given by the 
expression 


D= 


. (1) 


R2 
E,=—3-J (J +1) ... (1) 
"8x71 
As E = hv, therefore, in terms of frequency, we can write 
h 
v=— J (J +1 ... (2) 
8r71 oo 


Further we know that, c=vA=vW (because wave number 
v= 1/A). Therefore, in term of wave numbers, equation (2) can be 
written as 


-__h 

= J(J+1 Pre) 
i 8n2/e i sa 
= BJ (J +1) (4) 


where B = h/8n7Ic and is called rotational constant. 


Putting J = 0, 1, 2, 3 etc. in equation (4), the wave numbers of 
the different rotational levels will be 0, 2B, 6B, 12B, 20B, 30B 
EAAS ,and soon. When a transition takes place from a lower 
rotational level with rotational quantum number J to a higher 
rotational level with rotational quantum number J’, the energy 
absorbed will be given by 


AE, = E,’ ~ E, (or Ey — £7) 


or 
A JT + 1 -J J 1) eae 5) 


However, according to S rotational selection rules, only those 
rotational transitions are allowed for which AJ = + 1. Therefore, in 


26 PHYSICAL CHEMISTRY-III 
the present case J’ = J + 1. Substituting this value in equation (5), 
we get 
h2 
AE, =- (J +1) J +2)-J (J+ 1)) 
8n°I 
2 


h 
= 2(J+1 ... 6) 
8r71 ea 


To express in terms of wave numbers, we put 


AE, = hy =h>=hev 


or v= x2(J+1) 


8rIc 
=2B (J +1) (7) 


and is rotational constant. The value of v in 


h 
where B antie 
equation (7) represents the wave numbers of the spectral lines 
which will be obtained as a result of the transitions between the 
rotational levels. Putting J = 0, 1, 2, 3 etc. (i.e., for the transitions 
J=0 to J’=1;J=1 todJ’=2 etc,) or in general from J to J+1 
(involving absorption of energy), the wave numbers of the lines 
obtained will be 2B, 4B, 6B, 8B, ..., and so on. 


We find that the most important fact of the pure rotational 
spectrum is that every two successive lines have a constant 
difference of wave number equal to 2B. This is known as 
frequency separation (or more strictly wave number 
separation). Thus, the various lines in the rotational spectra will 
be equally spaced as shown in figure (13). 


0->] 1—2, 2-3 3> 44-95 5—6 6—7 7-48 8—9 9—10 
2B 


2B 2B i 23 2B 213 ' 2B i 213 ' 2B i ' 


Wave numbers, V —> 
Fig. 13. Appearance of a rotational spectrum. 
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Any two successive lines will have the difference in wave 

number given by 
Av = 2B = t 
4n‘Ie 

Anot* -r important feature of spectra is that the intensities of 
different transitions are not equal. The intensities increase with 
increasing J, pass through a maximum and then decrease as J 
increases further. 

Problem 14. What are the selection rules for rotational 
and vibrational spectra? 

Atomic spectrum as well as molecular spectrum are obtained 
due to the transition taking place between energy levels. However, 
such transitions can occur only between definite energy levels and 
not between just any two energy levels. The restrictions thus 
applied on the transition are governed by certain rules 
which are called the selection rules. If the selection rules are 
followed, the transition can occur and it is called an allowed 
transition. If these are not followed, the transition cannot take 
place and it is called a forbidden transition. The selection rules 
to be followed depend upon the type of transition. 

The selection rules are generally expressed in terms of changes 
in quantum numbers for the allowed transitions. For example, for 
the pure rotational transition, the selection rule is AJ = +1, where 
J represents rotational quantum number (AJ =+ 1 corresponds to 
absorption and AJ = - 1 corresponds to emission). Similarly, for 
pure vibrational transition, the selection rule is Av = + 1, where v 
represents the vibrational quantum number. 

Problem 15. Write a note on width and intensity of 
spectral lines. 

On analysing the spectrum of a molecule, the first thing we 
wish to know is how sharp and how intense (strong) is the spectral 
linc. In other words, we arc interested in the width and intensity 
of a spectral line. These two quantities are common in all types of 
spectroscopy. Fig. (14-a) exhibits a sharp spectral line having no 
width, while figure (14-b) exhibits a spectral line having a width 
AE at half height. It is always desired that. the spectral lines were 
all very sharp and very intense. But in actual practice, this is not 
so. 
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Eiin mn 


(a) Sharp spectral line (b) Spectral line having a width 
Fig. 14 


Two factors are responsible for broadening of a spectral line, 
viz., (i) The collision broadening and (ii) the Doppler broadening. 
The first factor is largely responsible for the width of spectral lines 
in the UV and visible regions. These transitions mostly occur 
between electrons in the outer shells in a molecule. When 
molecules in the liquid or gaseous phase collide with one another, 
they deform the charge clouds of the outer electrons, due to which 
the energy levels of these electrons are slightly perturbed. So, the 
spectral transitions between these perturbed energy levels are 
broadened. 

The second factor, i.e., Doppler broadening arises when the 
molecule under study has a velocity relative to the observer or 
observing instrument. This is generally seen in case with gaseous 
molecules, where the molecules are undergoing random motion. If 
the molecule is moving towards the measuring instrument with a 
velocity u, then the frequency v of radiation seen by the molecule 
is given by 


v=vl1+# 1) 
Cc 


where v is the radiation frequency and c is the velocity of light. If 
on the contrary, the molecule is moving away from the measuring 
instrument, the frequency of radiation seen by the molecule is 
given by 


v=v|{1-4 ww (2) 
c 
On rearranging equation (1), we get 
(v-v) _ Av u 
=e ... (3) 
v v c 
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Simiarly, rearranging equation (2), we get 


Wee) BN (A) 


v v c 
The quantity Av is known as Doppler broadening. It is seen that 


a is proportional to T’””. So, Doppler broadening can be reduced 


(and spectral lines of maximum sharpnesss can be obtained) by 
working with cold gaseous examples. 

Problem 16. Derive an expression for the spectral 
intensities of rotational lines. 

It is expected that the relative intensities of the spectral lines 
will depend upon the relative populations of the energy levels. We 
can show that greater the population of an energy level, greater is 
the number of molecules that can be promoted to the next higher 
level and hence greater is the intensity of absorption. The population 
of a rotational energy level with quantum number J relative to that 
of the ground level for which J=0 is given by Boltzmann’s 
distribution law for which the equation is given by, 

NI -E IRT 
E J 
No e 1) 

However, rotational energy levels are degenerate and the 
degeneracy of any rotational level with quantum number J is given 
by 

8j= 2F +1 .. (2) 


If we take into account the degeneracy factor, equation (1) 
should be replaced by - 


Ny - Ey, /kT 

—=<xg. J 

No gje .. (3) 
From equations (2) and (3), we can write 

N. 

LI = (2J + 1) e Bs BT (A) 

No 


We know that, 


N. 2: 
Intensity œ nN =(2J +1)e Bt 
0 


Putting Ey =hv =h A = hev = he BJ (J + 1), we get 


N 
J (2J + 1) e7 MBI (J + WAT 


No 
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As J increases, the first factor 
viz., (2J +1) increases, whereas 
the exponential factor decreases 4 
slowly in the beginning and then N; 3 
rapidly as the values of J become H 
higher and higher. So, the plot of 4 


N,/No (Y-axis) versus J (X-axis) i 

for a rigid diatomic molecule is o = 

obtained as shown in figure (12). AAO E 0E 
The graph (Fig. 15) clearly Fig.15. Plot of relative 

shows that relative population population of rotational energy 

and hence the intensity of levels versus rotational 


transitions first increases, reaches quantum number. 


a maximum value and then decreases. 


Problem 17. How will you determine bond length of a 
molecule from its rotational spectra? How is the rotational 
spectrum of a substance obtained experimentally? 

(Meerut 2005) 

By determining the frequency separation, AV, it is possible to 
calculate the moment of inertia J of the molecule, using equation 
B =h /8n"Ic. Then knowing the masses of the atoms present in the 
diatomic molecule, it is possible to calculate the distance between 
the atoms, ry (i.e., internuclear distance or bond length) with the 
help of the equation 


mı M2 
I= —— |z 
mı tmo 


The source of radiations is a special type of electronic oscillator 
(called klystron). It produces radiations of frequency corresponding 
to wavelength range of 0.1 to a few hundred centimetres. The 
energies corresponding the these wavelengths are the same as 
needed for rotational transitions. The method consists in passing 
the monochromatic energy of the microwaves through the gaseous 
sample of the substance under study and measuring the intensity 
of the transmitted radiation. By varying the frequency of the 
oscillator and observing the intensity of the transmitted beams; the 
frequencies at which absorption takes place can be determined 
from the plot of transmitted intensity versus frequency. 

Problem 18. (a) What type of molecules give rotational 
spectra? State which of the following molecules give 
rotational spectra ? 

H, HCl, CH, CH,Cl, CO, Nz, Cl, and O, ? 
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(b) Why H, N, O, and Cl, do not show rotational 
spectrum? (Meerut 2007, 06) 

The condition for obtaining a pure rotational spectrum is that 
the molecule must have a permanent dipole moment so that it can 
interact with the electromagnetic radiation and absorb or emit a 
photon. Thus, pre rotational spectrum is given only by polar 
molecules. Consequently, homonuclear diatomic molecules (like 
H,,N, etc.) and symmetrical linear molecules like CO, (or 
symmetrical molecules like Cg,H,) do not give rotational spectra. 
Thus, polar molecules like H,O, NO, N30 etc., give pure rotational 
spectra. 

Out of the given molecules HCl, CH,;Cl and CO possess a 
permanent dipole moment and will give rotational spectra. 
H,, CH}, Ny, Cl, and O, being non-polar will not show rotational 
spectra. 

Problem 19. Write a short note on isotope effect. 

We know the relationship between nuclear mass and the 
frequency of vibration. If we assume, as is generally possible, that 
the force constants are unchanged by isotope substitution, the shift 
in observed frequency can be mainly attributed to mass effects. 
Qualitatively, this shift will help in the assignment of frequencies 
simply by observing what bands are altered and to what extent 
they are altered by isotopic substitution. Vibrational modes which 
largely involve the substituted species, i.e., the species having a 
large amplitude in the normal vibrational mode, will be expected 
to have appreciable shifts in frequency. The larger the mass 
difference, the larger the frequency difference and thus deuterium 
substitution, for example, gives a particularly large effect because 
of the large difference in relative mass. In the simple case of 
diatomic molecules, such as HC] and DCI, the observed frequencies 
are approximately 2990 and 2091 cm“, respectively. Hence, the 
ratio 2091/2990 is 0.70 and ratio predicted is Vu/ẹw, where u and 
u are the reduced masses of HC] and DCI. The predicted value is 
0.72 and is in close agreement. 


NUMERICAL PROBLEMS 


Problem 1. What is the moment of inertia of a diatomic 
molecule whose internuclear distance is 150 pm and the 
reduced mass is 1.5 x 10” kg? 


Sol. The moment of inertia J of a diatomic molecule is given by 
the relation 
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mımMmı ə 
So ro 
mi +t mgo 


mM Mo 
where — 
m + mg 


is the reduced mass and rọ is the internuclear 


distance. 
In S.I. units, reduce mass = 1.5 x 10°" kg 
and ro = 150 pm = 150 x 10°!? m 
I=1.5 x 107" x (150 x 10°72)? kg m? 
= 1.5 x 150 x 150 x 1027 x 104 
= 33750 x 10! = 3.375 x 10 “1 kg m? 
Problem 2. The far infrared spectrum of HI consists of a 


series of equally spaced lines with AV = 12.8 cm™. What is the 
(a) moment of inertia and (6) internuclear distance ? 


Sol. (1) Here we are given 
AV = 12.8 cm 
pant 6.62 x 10?" 
4n?c. AV 4x (3.14)? x (3 x 1019 (12.8) 
= 4.36 x 107° g cm? 


ify ite 2 
(2) i3 mı + mg ro 
1.008 E 
for H-atom) = —— S — g = 1.6739 x 104 
my Yor Heatom) = o gaas 108 © s 
127 -22 
for I-atom)= —-————— g = 2.1089 x 10 
tas = 6022x1088 
m +m 
2 -| mitme) r 
mı Ma 


_ 1.6739 x 10-4 + 2.1089 x 1022 
~ 1.6739 x 1074 x 2.1089 x 10722 
_ (1.6739 + 210.89) x 10°74 x 4.36 x 10740 
E 1.6739 x 2.1089 x 10748 
= 2.6254 x 10716 em? 

ro = 1.62 x 10° = 1.62 Å 


In terms of S.I. units, we can calculate the values of J and 
ro as follows 


x 4.36 x 10770 
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(1) A V= 12.8 cm! = 1280 m`? 
h 6.62 x 10 °4 
de AV 4x (8.14)* x (3 x 108) x 1280 
= 4,36 x 10°*" kg m? 
(b) mı = 1.6739 x 10°?" kg 
mo = 2.1089 x 10” kg 


m +m 
Aa ae lei 
. Mı m2 


-27 -25 
1.6739 x 10% + 2.1089 x 10° 4 36x107 


1.6739 x 10-27 x 2.1089 x 102 
= 2.6254 x 10? 


ro = 1.62 x 1071? m = 0.162 nm. 


I 


Problem 3. Calculate the frequency, if c =3 x 10° cm/sec 
and i = 4000 A. (Meerut 2007) 


Sol. We know that, A = > where v = frequency. 


c 3x10cmsec™! 
or v= Xx Soa ge te 
4000 x 10 ~ cm 

or v= 7.5 x 10!4 sec} 


EXERCISE 


[I] Short Answer Type Questions 

1. Explain the different regions of spectrum. 
[For answer, please see problem 2} 

2. Mention the electromagnetic radiations. 
[For answer, please see problem 1] 

3. Write a short note on Born-Oppenheimer approximation. 
[For answer, please see problem 10} 

4, What are the basic features of different spectrometers ? 
|For answer, please see problem 3) 

5. Mention important applications of ultraviolet spectroscopy. 
[For answer, please see problem 9] 

6. Describe the qualitative description of a non-rigid rotor. 
[For answer, please see problem 12] 

7. Write a note on width and intensity of spectral lines. 
{For answer, please see problem 15] 
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How will you determine the bond bength of a molecule from its 
rotational spectrum ? 

[For answer, please see problem 17] 

Derive an expression for the frequency of spectral lines in rotational 
spectrum. 

[For answer, please see problem 14] 


[H] Very Short Answer Type Questions 


1. 


2. 


3. 


4. 


15. 


Relate the units micron, angstrom and nanometre. 

{For answer, please see problem 1] (Meerut 2007, 06) 
Define the term spectroscopy. 

[For answer, please see problem 1] 

Give the relation between wavelength and frequency of a radiation. 
[For answer, please see problem 1] 

Define wave number. (Sec Problem 1) 

Define absorption spectrum. 

[For answer, please see problem 2] 

Define emission spectrum. 

[For answer, please see problem 2] 


Explain the term chromophore. (Meerut 2005) 
[For answer, please see problem 6] 
Explain the term auxochrome. (Meerut 2005) 


{For answer, please see problem 6] 

Mention the selection rules for rotational spectra. 

[For answer, please see problem 14] 

What are the selection rules for vibrational spectra? 

{For answer, please see problem 14] 

Why Ho, No, Og and Cl, do not show rotational spectrum? 

[For answer, please see problem 18] (Meerut 2007, 06) 
Define intensity of a spectral line ? 

[For answer, please see problem 15] 

Calculate the frequency if c = 3 x 10?° cm sec”! and A = 4000A. 

[For answer, please see numerical problem 3] (Meerut 2007) 
Identify the spectra which correspond to the following 
frequency/wave length : 

(a) 15,000 cm (b) 50,000 cm? 

{Ans. (a) Visible (b) UV] 

Write a short note on isotope effect. 

{For answer, please see problem 19] 


QU) 


SPECTROSCOPY, 
VIBRATIONAL 
AND 
ELECTRONIC SPECTRUM 


Infrared spectrum : Energy levels of simple harmonic oscillator, selection 
rules, pure vibrational spectrum, intensity, determination of force constant 
and qualitative relation of force constant and bond energies, effect of an 
harmonic motion and isotope on the spectrum, idea of vibrational 
frequencies of different functional groups. 


Raman spectrum : Concept of polarizability, pure rotational and pure 
vibrational Raman spectra of diatomic molecules, selection rules. 

Electronic spectrum : Concept of potential energy curves for bonding and 
antibonding molecular orbitals, qualitative description of selection rules and 
Franck-Condon principle. 


Qualitative description of o, n- and n-M.O., their energy levels and the 
respective transitions. 
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ANI? 


PROBLEMS 


Problem 1. What is infrared spectroscopy? Mention the 
units used and ranges in infrared radiations. 


[!] Introduction 

Infrared spectroscopy is one of the most powerful analytical 
techniques which gives us the possibility of chemical identification. 
Radiations in the infrared region from about 800 to 20,000 nm are 
not energetic enough to cause electronic excitations in most organic 
molecules. IR radiations cause stretching and bending of organic 
bonds. In all organic molecules, the bonds, which join different 
atoms, can stretch and bend and all of them absorb infrared 
radiations. After absorption of IR radiations, the molecules thus 
give rise to close packed absorption bands known as infrared 
absorption spectrum. This may extend over a wide wavelength 
range. A number of bands may be present in infrared spectrum 
corresponding to the characteristic functional groups and bonds 
present in the substance. There, we say that infrared spectrum of 
a chemical compound is a finger print for its identification. 


[II] Units Used and Range in Infrared Radiation 


Infrared spectra are generally expressed in terms of the 
frequencies of radiations absorbed rather than wavelengths.. This 
is due to the reason that frequency is directly proportional to the 
energy of the radiation, whereas wavelength is inversely 
proportional to energy. The most common unit used in infrared 
study is wave number V, which shows the number of vibrations of 
radiation per centimetre (cm). Wavelengths in um can be 
converted into wave numbers, according to the relation 


ves C: 1p = 106 m = 107% cm) 


The infrared radiation lies between the visible microwave 
regions of the clectromagnetic spectrum. This region may be 
divided into the following three types. 
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(i) Near infrared region : It is the region which extends from 
0.8 to 2.5 um (12500 to 4000 cm”). It is also known as 
vibration-rotation region. 

(ii) Far infrared region : It is the region which extends from 15 
to 200 um (667 to 50 cm”). It is also known as rotation region. 

(iii) Ordinary infrared region : It is the region which extends 
from 2.5 to 1.5 um (4000 to 667 cm7}). 

Problem 2. Discuss the molecular vibrations and origin 
of infrared spectrum. 

The atoms in a molecule are always in motion, which may be 
of different types. Consider a simple diatomic molecule A-B. The 
only vibrations which can occur in such a molecule are the 
compression or extension along the A-B bond. This may be 
compared to the compression or stretching of a coiled spring as 
shown in figure (1). This type of vibrational movement is referred 
to as bond stretching, i.e., in these vibrations the distance between 
two atoms increases or decreases, but the atoms remain in the 
same bond axis. Such a mode of vibration does not cause any dipole 
change in the symmetrical molecule, e.g., O =C= O and, therefore, 
it is not infrared active vibration. 


Xf \ 4 


N s 

N ~ 
` \ 
` ` 


(Symmetric) (Asymmetric) 
Fig. 1. Kinds of stretching vibrations. 


When the stretching and compression occur in a symmetrical 
fashion, we call it symmetric stretching. But when one bond is 
compressing, while the other is stretching, then it is known as 
asymmetric stretching. 

In bending or deformation vibrations, atoms move in and out 
of the bond axis plane. So, these vibrations involve change in bond 
angle or a movement of a group of atoms with respect to the rest 
of the molecule, without movement of atom in the group with 
respect to one another. Therefore, the bending mode of vibrations 
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involves oscillations of atom perpendicular to its 
chemical bond. The bending modes are of four 
types : 

(i) Rocking : In this mode of vibration, the 
two atoms joining a central atom, move back 
and forth in the plane of the molecule. 

(ii) Scissoring : In this deformation, the 
two atoms, joined to a central atom, move Fig. 2. Rocking 
towards and away from each other. In this mode of vibration. 
mode, the bond angle changes. 

(iii) Twisting : In this deformation, the 
structural unit rotate about the bond, which 
joins it to the rest of the molecule. 

(iv) Wagging : In this kind of vibration, the 
structural unit moves back and forth, out of the 
plane of molecule. 

Now we will consider vibrational modes in 
some particular cases. 


Fig. 3. Scissoring 
mode of vibration. 


Fig. 4. Twisting mode of vibration. Fig. 5. Wagging mode of vibration. 


+ cr - sign signifies The + sign means vibrations 
vibrations perpendicular to perpendicular to the plane 
the plane of paper. of paper. 


[!] Diatomic Molecules 

The diatomic molecule is invariably linear. Therefore, the 

number of modes of vibration 
=3n-5 
=3x2-5=1. 

Thus, there can be only one mode of vibration. In case of 
homo-nuclear diatomic molecules, because of their zero dipole 
moment for all bond lengths, no vibrational energy exchange would 
be possible, and as a result, such molecules would be infrared 
inactive. 
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In any hetero-nuclear diatomic molecule, (3 Åe O 
eg., HCl, NO, CO, etc. the variation in dipole Fig. 6. Stretchin " 
moment due to fluctuations in the bond length, in diatomic 
would make these molecules infrared active. molecule. 


[It] Polyatomic Molecules 


There are some polyatomic molecules which do not possess a 
permanent dipole, but because of certain modes of vibrations, 
develop a fluctuating dipole and respond to the infrared region of 
electromagnetic radiation. Now consider some linear and bent 
triatomic molecules. 

(a) Linear triatomic molecule, eg., CO, : It has the 
following vibrational modes. 

Number of vibrational modes = (3n — 5) 

=3x3-5=4. 

Therefore, allowed modes of vibrations are 4. These are as 

shown in fig. (7) : 


(i) Symmetrical stretching Gii) Asymmetrical stretching 
v= 1340 cm-! LR inactive v = 2350 cm! LR. active 
(i) Bending, v = 666 cm-! (iv) Bending, v = 666 cm-? 


Fig. 7. Stretching in a linear triatomic molecule of CO2. 


Thus, we see that the fourth mode of vibration is identical with 
the third one. The frequencies associated with the fourth and third 
are the same. Such motions, which are identical in all respects, 
except direction, are called degenerates. So, in case of CO,, third 
mode is doubly degenerate, i.e., the fourth mode is another bending 
type, identical in character and frequencies to the third 
(v = 666 cm”). 

Problem 3. Discuss the principle and different parts of 
an infrared spectrophotometer. 

The instrument used for recording infrared spectra is called 
infrared spectrometer or infrared spectrophotometer. Most of 
the instruments have a range of 2u to 15u (5000 — 667 cm”). The 
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general parts of a spectrophotometer and their functions are 
mentioned below : 

(a) Radiation source : The source of infrared radiation is 
primarily an incandescent solid material, which follows the 
characteristics of a black body radiator. The tungsten filament 
lamp is the usual source of near infrared region. It is maintained 
at red hot by means of an electric current. The most recent source 
is the invention of K.H. Opperman (Fig. 8). It operates at 2.8 volts 
and 30 watts. It provides radiant infrared energy from 2.5 u (4000 


cm”) to 25 u (400 cm”). 


G _ K\\ zircon silicate) 


Al,O; 
2.8 Volt f 
& Sintered 
30 Watt Al,03 tube 
Rhodium 
Solder 


Fig. 8. Source developed by K.H. Opperman. 


(b) Infrared monochromator : Prisms and gratings are 
generally used as monochromators. A combination of prism and 
grating is also used for this purpose. The most common prism 
material used is NaCl (rock salt) for the region 2.5 to 15.4 
u (4000 — 650 cm™). KBr (1000-4000 cm™) and CsI (1000-260 
cm?) are also commonly used. 

(c) Cell compartment : It is the portion where the cells in 
which the sample under examination is placed. They are usually 
made of rock salt (NaC!) or other similar substances. 

Sampling : It is important that substances are sampled 
suitably for infrared spectral studies : 

(i) Gaseous substances : Gaseous substances are examined as 
such in the apparatus. 


SPECTROSCOPY, VIBRATIONAL AND ELECTRONIC SPECTRUM 41 


(ii) Liquid substances : Liquid substances are examined by 
placing a thin film between the rock salt plates of a liquid cell. A 
drop of the liquid substance is put on a rock salt plate of a liquid 
cell and the other plate of the cell is put on it so that the liquid 
forms a thin film between the two plates. 

(iii) Solid substances : Solid substances can be examined in the 
form of a potassium bromide disc (or pellet) or a Nujol mull or a 
solution in a suitable solvent. 


(a) KBr pellet or disc : The solid is ground with 10-100 times 
its bulk of pure KBr and the mixture so obtained is passed into a 
disc using a special mould through a hydraulic press. The pellet 
must be transparent. 


(6) Nujol mull : Nujol is a highly purified liquid fraction 
petroleum known as liquid paraffin. The substance (1 mg) is finely 
ground with nujol in a small agate pestle mortar to form a 
translucent mull of the substance. A drop or two of this mull fs 
taken as the liquid sample. 

(c) Solution : The given compound is dissolved to give 1-5% 
solution in CCl}, carbon disulphide or chloroform free from alcohol. 
This solution is introduced into a special cell, 0.1 to 1 mm. thick, 
made of sodium chloride. A second cell of equal thickness, but 
containing pure solvent, is placed in path of other beam of 
spectrometer in order that solvent absorptions should be balanced. 
Spectra taken in such dilute solution in non-polar solvents are 
generally more desirable since intramolecular forces which are 
strong in crystalline state are reduced to minimum error. On the 
other hand, it is found that many compounds which are not soluble 
in non-polar solvents absorb in infrared region. In this case, where 
solvent absorption exceeds 65% of incident light, the spectra cannot 
be taken, while in case of CCl, or CHC], the absorption takes place 


above 65% of incident light. 


[I] Principle of Infrared Spectrometer 


The flow sheet diagram of the infrared spectrometer is shown 
in figure (9). The beam of infrared radiation from the source S is 
allowed to pass by means of lens L through a narrow slit T. This 
beam is then focussed by means of a mirror M on the grating G, 
which is provided with a rotating device. The radiations of a desired 
wavelength emerge from G. Such radiations are allowed to pass 
through a cell B, containing the solution under examination and 
from there to the detector-cum-indicator R. The intensity of the 
thermo-electric current, which is a measure of the intensity of 
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Detector-cum- 
indicator 


= Reflecting 


Grating provided : 
mirror 


with running device 


S 


Source of LR. 
radiation 
Fig. 9. Flow sheet diagram of LR. spectrometer. 
radiation, is recorded. The cell B is then replaced by a cell C 
containing pure solvent and again the intensity of radiation is 
recorded as before. If I and J) reprsent the intensity of radiation 
when the radiation passes through the solution and intensity cf the 
same radiation when it passes through the solvent, then 


I/I)= Transmittance or transmittancy. 


The transmittance is determined at different wavelengths and 
thus infrared spectra is obtained. 

The frequency of a given stretching vibration in an infrared 
spectrum can be related to two factors, namely (i) the masses of 
the bonded atoms-light atoms vibrate at higher frequencies than 
heavier ones-and (ii) the relative stiffness of the bond. Triple bonds 
are stiffer (and vibrate at higher frequencies) than double bonds 
and double bonds are stiffer (and vibrate at higher frequencies) 
than single bonds. We can see some of the effects in table 1. Notice 
that stretching frequencies of groups involving hydrogen (a light 
atom) such as C-—H, N—H and O—H all occur at relatively high 
frequencies. 


Table 1. 


Group Frequency range (cm!) 


Alkyl 2853-2972 
Alcohol 3590-3650 
Amine . 3300-3500 


It is clear from table 2 that triple bonds vibrate at higher 
frequencies than double bonds. 
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Table 2. 


Frequency range (em™) 


2100-2260 
2220-2280 
1620-1680 
1630-1780 


The infrared spectra of even relatively simple compounds 
contain many absorption peaks. Not all molecular vibrations result 
in the absorption of infrared energy. In order for a vibration to 
occur with the absorption of infrared energy, the dipole 
moment of the molecule must change as the vibration 
occurs. Thus, when the four hydrogen atoms of methane vibrate 
symmetrically, methane does not absorb infrared energy. 
Symmetrical vibrations of the carbon-carbon double and triple 
bonds of ethene and ethyne do not result in the absorption of 
infrared radiation, either. 


[It] Characteristics of Infrared Spectrum 

Maximal absorption of an infrared radiation of a frequency 
characteristic of a bond or group would show the presence of that 
particular bond or group in the substance. In case the compound 
does not absorb maximally that particular radiation, it would mean 
that the particular bond or group is absent. So, we get 
characteristic infrared bands for different groups or bonds, as 
shown in table 3. It gives only the ranges of different bands. The 
exact location of characteristic band depends on several factors like 
structural environment of that bond or group in a specific molecule. 


A strong bond ~ 1700 cm™ indicates the presence of a carbonyl 
group, but these are characteristic shifts in the position of the 
carbonyl bond depending on the structural environment as shown 
below. 


CH;COCH.CH, CH;COCH = CH, 
Methyl ethyl ketone (1710 cm~!) Methyl vinyl ketone (1680 cm!) 
oO O 


Cyclohexanone (1710 cm~?) 2-Cyclohexenone (1680-!) 
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Table 3 : Characteristic infrared absorptions of groups 


Guiub Frequency Range Intensity* 
cm 
A. Alkyl 
C—H (stretching) 2853-2962 (m-s) 
Isopropyl, —CH(CH3)2 1380-1385 (s) 
and 1865-1370 (s) 
tert-Butyl, —C(CHg)o 1385-1395 (m) 
and ~ 1365 (s) 
IB. Alkenyl 
C—H (stretching) 3010-3095 (m) 
C=C (stretching) 1620-1680 (v) 
R—CH = CH, 985-1000 (s) 
(Out of 
plane C-H and 905-920 (s) 
RC = CHR bending) 880-900 (s) 
cis-RCH = CHR 675-730 (s) 
trans-RCH = CHR 960-975 (s) 
C. Alkynyi 
= C—H (stretching) ~ 3300 (s) 
=C (stretching) 2100-2260 (v) 
ID. Aromatic 
Ar—H (stretching) ~ 3030 (v) 
Aromatic substitution type 
(C—H out-of-plane bendings) 
Monosubstituted 690-710 (very s) 
and 730-770 (very s) 
o Disubstituted 735-770 (s) 
m Disubstituted 680-725 (s) 
and 750-810 (verys) f 
| p Disubstituted 800-860 (very s) 
[E. Alcohols, Phenols ` and 


Carboxylic Acids 
O—H (stretching) 
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Alcohols, phenols (dilute 3590-3650 


solutions) 

Alcohols, phenols (hydrogen 3200-3550 (broad, $) 
bonded) 

Caroxylic acids (hydrogen 2500-3000 (broad, v) | 
bonded) 


F. Aldehydes, Ketones, Esters 
and Carboxylic acids 


C =O (stretching) 1630-1780 (s) 
Aldehydes 1690-1740 (s) 
Ketones 1680-1750 (s) 
Esters 1735-1750 (s) 
Carboxylic acids 1710-1780 (s) 
Amides 1630-1690 (s) 


Amines 
N—H 
IH. Nitriles 


3300-3500 (m) 


2220-2260 (m) 
* Abbreviations : s = strong, m= medium, w= weak, v = variable, 
~ = approximately. : 

Vibrational absorption may occur outside the region measured 
by a particular infrared spectrophotometer and vibrational 
absorptions may occur so closely together that peaks fall on top of 
peaks. 

Other factors bring about even more combination peaks. 
Overtones (harmonics) of fundamental absorption bands may be 
seen in infrared spectra even though these overtones occur with 
greatly reduced intensity. Bands called combination bands and 
difference bands also appear in infrared spectra. 

Because infrared spectra contain so many peaks, the possibility 
that two different compounds will have the same infrared spectrum 
is exceedingly small. It is because of this that an infrared spectrum 
has been called the “fingerprint” of a molecule. Thus, with organic 
compounds, if two pure samples give different infrared spectra, one 
can be certain that they are different compounds. If they give the 
same infrared spectrum then they are the same compounds. 
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Problem 4. Mention some important applications of 
infrared spectroscopy. (Meerut 2006) 

Some important applications of infrared spectroscopy are as 
follows : 

(1) Qualitative analysis : The qualitative analysis can easily 
be done by comparing the spectrum of unknown sample with the 
standard one. 

(2) Quantitative analysis : The quantitative determination 
is based on the determination of concentration of one of functional 
groups of compound being estimated. Suppose there is a mixture 
of hexane and hexanol and then the concentration of hexanol can 
be determined by measuring the absorption of OH bond. The 
following formula is used for calculating the concentration 


A =- log IIg = abc 
where, A= absorbance, 
I= intensity of radiation after leaving the sample, 
Ig = intensity of radiation before entering the sample. 


a= absorptivity of cell (It is a property of molecular 
species being transmitted) 
b= initial path length of sample cell, and 
c= concentration of solution. 
If a and b are constants then 
A«e. 
Hence, c can be measured by knowing A. 


The different values of A are plotted against respective 
concentrations to get calibration curve from which the 
concentration of unknown solution is evaluated. 

(3) Determination of purity : As impurity reduces the 
sharpness of individual bands and causes appearance of extra 
bands and blurring of spectrum. Hence purity can easily be 
estimated. 

(4) Presence of water in a sample : If sample contains water, 
it gives bands at 3600 to 200 cm™ region, in 1650 ‘cm region and 
in 600-300 cm” region. If anyhow, water is coordinated to a metal 
ion, an additional band can be seen in the range 880-650 cm t 
region. 

(5) Calculation of force constant : Taking a simple case 
where a diatomic molecule may be considered as a simple harmonic 
oscillator, i.e., an oscillator in which the restoring force (F) is 


SPECTROSCOPY, VIBRATIONAL AND ELECTRONIC SPECTRUM 47 


directly proportional to the displacement, in accordance with 
Hooke’s law, we have 

F=-kx a CL) 
where x is the displacement and is equal to the distance (R) to 
which the atoms have been stretched minus equilibrium distance 
(R,) between the atoms i.e., x = R—R,. The factor k in equation 
(1) is called force constant. So, if x = 1 cm, k =- F. Therefore force 
constant may be defined as the restoring force per unit displacement 
(or per cm) of a harmonic oscillator. It is found to be related to the 
equilibrium vibrational frequency @, according to the equation, 


1/2 
MES ( k ) s 
Me = on i ... (2) 
where u is the reduced mass of the system. 

To calculate k, equation (2) can be rewritten as follows : 


h=4n° we 
m,ym 
or kode o2 — 2 .. (3) 
mı + mo 


where m, and mg are the masses of the oscillating atoms. 


Thus, knowing vibration frequency œ, and the masses of the 
atoms of the diatomic molecule, the force constant k can be 
calculated. Note that œ, is ins. 

It is found that force constant, increases almost directly with 
the multiplicity of the bond, as is clear from the following examples. 

Bond c—C g | =C 


4.6 x 10° 


Force constant (dyne/cm) 9.5 x 10° 15.8 x 10° 


Thus, multiplicity of the bond can be predicted from the value 
of the force constant. For example, the force constant for C =O in 
carbon monoxide is 18.6 x 10° dynes/cm, whereas the force constant 
for C=O in carbon dioxide is 15.2 x 10° dynes/cm. This result 
confirms that CO, has resonating structures containing both 


carbon, oxygen double and triple bonds. So, the struture of CO, can 
be depicted as : 
O'—C= 0 ¢+>0=C=0¢>0 = C—O" 
(6) Shape and symmetry of a molecule : Infrard 


spectroscopy has been proved very successful in deducing the shape 
or symmetry of molecules. For example, if NO, is linear, only two 
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bands will be active in infrared spectrum and if bent then three 
bands will be found as in H,O. 


(7) In the study of reaction kinetics : The technique is 
helpful in the study of reaction kinetics as intermediate compounds 
can easily be detected and estimated, e.g., progress of oxidation of 
a secondary alcohol to ketone is studied by getting infrared spectra 
of test portions at different times. In this case, we expect 
disappearance of O—H stretching ~ 2.8 um (~ 3570 cm™ and 
appearance of C=O stretching ~ 5.8 um (~ 1725 cm”). 

(8) Calculation of moment of inertia and bond length : 

The value of B is given by 

h 


8r7Ic 


h 
An"Ie 


Thus, knowing the frequency separation, the moment of inertia 
and hence the internuclear distance i.e., bond length of a diatomic 
molecule can calculated. i 

(9) Identification of functional groups : Tables 4 and 5 are 
given below from which different functional! groups can easily be 
detected. 


Frequency separation, Av = 2B = 


Table 4 : Saturated C—H and C—C bonds 


Remarks 


Band, cm?! 


>CH, Two or three bands usually 


2969-2850 (s) 


2890-2880 (w) 
1470-1430 (m) 


—C—H stretching 
—C—H deformations 


1390-1370 (m) 
~ 720 (w) 


—CHg symmetrical deformation 
DCH, rocking 


(10) The characteristic series of bands produced by —O—H in 
alcohols and phenols are given in table 5. 


*All bands are strong unless written otherwise in parentheses. The abberviations 
used to indicate intensities are : m (moderate). w (weak) and v (variable). 
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It is also seen that if hydrogen bond is stronger, then there will 
be longer O—H bond. Besides this, if the vibration frequency is 
lower, we will get broader and more intense absorption bands. The 
study on the subject has shown that pure liquids, solids and many 
solutions exhibit the broad ‘polymeric band’ at ~ 3600-3200 cm™. 


IR spectroscopy. 


Table 5 : Alkene and aromatic C—H bonds 


Bond, cm! 


—3300 (s) 


3095-3070 (m) 


3040-3010 (m) 


3040-3010 (w) 


970-960 (s) 


995-984 (s). 
and 
940-900 (s) 


895-885 (s) 


840-790 (m) 


C—H stretching 


Often obscured 


C—H out of plane 
deformation when 
double bond is 
conjugated with a 
C=0 group, this 
band is shifted 
towards 990 cm™. 
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ee | 


UV-Visible Spectroscopy IR Spectroscopy 


i NRE 


The region of UvV-visible/The region of IR spectroscopy 
spectroscopy extends from 10 tojextends from 800 to 20,000 nm. 
800 nm 


As UV-visible radiations possess|IR radiations are weak and so 
more energy, they are strong and|cannot produce electronic 
so can cause _ electronic|excitations. They cause bending 
excitations. and stretching vibrations of 
organic bonds. 


Unsaturated and especially|/All organic bonds and groups 
conjugated groups only absorb in|absorb in this region. 
this region. 


UV absorption spectrum exhibits|IR spectrum exhibits sharp 
broad absorption bands. peaks. 


This spectroscopy gives an idea|This spectroscopy gives an idea 
about the presence of carbonyl|about the nature of the functional 
group and a conjugated system. jgroup in the molecule. It helps in 
identifying the complete 
structure of the compound. 


The spectra are usually/The spectra are usually 
expressed in terms of|expressed in terms of frequencies 
wavelengths in nm units. in wave number (v) units. 


Problem 6. What type of potential energy curve is 


obtained for a simple harmonic oscillator? 


A simple harmonic oscillator is the one in which the restoring 


force (F) is proportional to the displacement (x) in accordance with 
Hooke’s law, i.e., 


F=- kx f 
For a diatomic molecule, x=R-R,, . 
where R is distance to which the atoms =. 
have been stretched and R, is the 5 
equilibrium distance between the two 2 
atoms. k is called the force constant. E 
For such an oscillator, the potential 2 
energy (V) is given by -ve 4— 0 —> tve 


Therefore, a parabolic potential energy 


1 Displacement, x 
= kx? Fig. 10. Parabolic 
2 potential energy curve 


This is the equation of a parabola. ofa harmonic oscil- 
lator. 


V= 


curve is obtained as shown in figure (10). 
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Problem 7. Mention an expression for vibrational energy 
of a diatomic molecule taking it as a simple harmonic 
oscillator. Sketch the vibrational energy levels of such a 
molecule. 

Using the concepts of quantum mechanics, it can be seen that 
if the vibratory motion of the nuclei of diatomic molecule (Fig. 11) 
is taken as equivalent to that of a simple harmonic oscillator, 
then the vibrational energy on aes Ne 
is obtained using quantum Que GQ, QQ 
mechanics in the form of Fig. 11. Vibratory motion of a diatomic 
equation (1). molecule. 


1 
By=[u+5 |i ... (1) 


where, v is the frequency of vibration and v is the vibrational 
quantum number with allowed values of 0, 1, 2, 3, etc. 

Putting v a5 cv, or cw, where v, or œ, represents the 
equilibrium vibrational frequency in terms of wave numbers, 
equation (1) can be written as 


E, = v+5 heo 2) 
Putting v = 0, 1, 2, 3 etc, in equation (2) it may be seen that the 
vibrational energy levels of a harmonc ” 92 hew 
oscillator are equally spaced. These are * 
shown diagrammatically in figure (12). 72 hem 
For the lowest vibrational level, v = 0. 
Therefore, the energy for the level willbe , 5/2 hew 
s 1 
Eo = p hew, eae (3) I 3/2 hew 
This is called zero point energy. It 1/2 hew 


means that even at absolute zero when all ° 
Fig. 12. Equally 


translational and rotational motion cease in EEA 
: ; ; spaced vibrational 

a crystal, the residual energy of vibration energy levels of a 
Ey still remains, i.e., the vibrational motion harmonic oscillator. 
still exists. 

Problem 8. Mention selection rules for vibrational 
transitions in a simple harmonic oscillator. 

The selection rule for a molecular vibration is that the electric 
dipole moment must change when the atoms are displaced. It should 
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be noted here that the molecule need not have a permanent dipole. 
Based on this, the specific selection rule for vibrational transitions 
is Av=+1 i.e., change in vibrational quantum number should be 
unity. Transitions for which Av = + 1 correspond to absorption and 
those with Av = - 1 correspond to emission. 

Problem 9. What type of a vibrational spectrum is 
expected for simple harmonic oscillator in the form of a 
diatomic molecule ? 

Applying the selection rule, as the transitions can occur 
between vibrational levels whose vibrational quantum numbers 
differ by unity (i.e., Av =+1), the energy absorbed by a diatomic 
molecule taking it as a simple harmonic oscillator, when the 
transition takes place from v to v + 1 level will be given by 


Ak, =(v+1+5 )how,-(v+5 )hen, = hew, 
AE a 

RE he 

i.e., AV = Oe 


Therefore, only one absorption line will be obtained in the 
vibrational spectrum whose wave number is equal to the 
equilibrium vibrational frequency of the diatomic molecule. 
Otherwise also, as the vibrational levels are equally spaced (Fig. 
12), any transition from any v to v+1 will give rise to the same 
energy change and, therefore, only one absorption ne is expected. 
Further, at room temperature, as most of the mvlecules are in the 
lowest (ground state) vibrational level with v =0, therefore, the 
transitions take place from v=0 to v=1. The frequency thus 
observed is called the fundamental frequency. These spectra are 
observed in the infrared (IR) region. 

Problem 10. What types of molecules give vibrational 
spectra? 

The grcs_ selection rule for a diatomic molecule to give a 
vibrational spectrum is that the dipole moment of the molecule 
must vary when the atoms are displaced due to vibration. The 
condition required is only the change in dipole moment and the 
molecule need not have a permanent dipole moment. For example, 
in case of homonuclear diatomic molecules like H,, Oa, No etc., 


which have only stretching motion/vibrations and no bending 
motion/vibrations, the dipole moment does not change during 
vibration. Therefore, these molecules do not give vibrational 
spectra, i.e., they are said to be infrared-inactive. On the other 
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hand, heteronuclear diatomic molecules like HCl, CO, NO etc., and 
polyatomic molecules like CO,, H,O, CH,. C,H, etc., which show 
change in dipole moment in some mode of vibration give vibrational 
spectra and are said to be infrared-active. 


NUMERICAL PROBLEM 


Ex. 1. Calculate the force constant for the bond in HCl 
from the fact that the fundamental vibration frequency is 


8.667 x 108 s~! 


1.008 -1 
Sol. for H-at =? g = 1.6739 x 10 k 
m (for H-atom) = Fo x 108 © a 
35.5 -26 
mg (for Cl-atom) =—-———-—3; g= 5.8951 x 10 | kg 
: 6.022 x 1023 © 
mxm 
Reduced mass p= ai" 2 6277x102 kg 
mı + mo 


Also it is given that 

œ = 8.667 x 1018 s~! k EE 
= 4 x (3.14)? x (8.667 x 1018)? x (1.6277 x 10-2” kg) 
= 483.1 Nm”. 


Problem 11. What is Raman spectra or Raman 
spectroscopy? How will you explain Rayleigh’s line, Stokes 
lines and anti-Stokes lines in Raman spectra? (Meerut 2007) 

Prof. C.V. Raman of Calcutta University, observed in 1928 that 
when a substance (gaseous, liquid or solid) is irradiated with 
monochromatic light of a definite frequency v, the light scattered 
at right angles to the incident light contained lines not only of the 
incident frequency, but also of lower frequency and sometimes of 
higher frequency as well. This effect is known as Raman effect. 
The Raman scattering had been predicted by the German physicist 
A. Smekal (1923). It was observed by C.V. Raman and K.S. 
Krishnan (1920). The lines with lower frequency are called Stokes 
lines, whereas lines with higher frequency are called anti-Stokes 
lines. Line with the same frequency as the incident light is called 
Rayleigh line. Raman further observed that the difference 
between the frequency of the incident light and that of a particular 
scattered line was constant depending only upon the nature of the 
substance being irradiated and was completely independent of the 
frequency of the incident light. If v; is the frequency of the incident 
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light and v,, that of a particular scattered line, the difference, 


Av=v;-v, is called Raman v <v, v-v, v> 


go Vv 


H 
frequency or Raman shift. 
Thus, the Raman frequencies 


observed for a particular 


substance are characteristic of te ae, oe 

that substance. The spectrum so STOKES äyleigh Ant- Srokes 
: lines lines lines 

observed is called Raman K Raman lines 


spectrum as shown in figure (13). Fig. 13. A simplified repesenta- 


tion of Raman spectrum. 
[I] Rayleigh Line 
When the photon strikes the molecule, the energy is absorbed 
by the molecule and it gets excited to some higher energy level. In 
case it returns to the original level, it will emit the same energy as 
absorbed and thus we have scattering known as Rayleigh scattering 
and the line is known as Rayleigh line. 


[It] Stokes Lines 


However, in most of the cases, the excited molecule does not 
return to the original level. It may return to a level higher than 
the original level, thereby emitting less energy than absorbed. This 
explains the occurrence of Stokes lines. Thus, a part of the energy 
of the incident photon remains absorbed by the molecule (so that 
molecule has higher energy than before). 


[tl] Anti-Stokes Lines 


The excited molecule may return to a level lower than the 
original level. Thus, more energy is emitted than absorbed. This 
explains the occurrence of anti-Stokes lines. In this case, the 
molecule has less energy than before. 


Excited 


level 


Original 
level 


1 Å- | —— }—_—— (_--_--— 
(a) (b) (c) (d) 
Fig. 14. (a) Energy absorbed by the molecule. (b) Rayleigh scattering. 
(c) Formation of Stokes lines (d) Formation of anti-Stokes lines. 
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The above different cases can be represented diagrammatically 
by figure (14). 

Problem 12. Explain with mathematical equations the 
type of pure rotational Raman spectrum expected for a 
diatomic molecule. 

The selection rules for pure rotational spectrum of diatomic 
molecule are 

AJ=0,+2 

The selection rule AJ = 0 corresponds to Rayleigh scattering, 
whereas selection rule AJ=+2 gives rise to Raman lines as 
explained below : 

Energy of a rotational level (in terms of wave number) with 
quantum number J is given by, 

V=BdJ (J +1) a (1) 

When a transition ocurs from a lower rotational level with 
quantum number J to a higher rotational level with quantum 
number J’, the energy absorbed (in terms of wave numbers) will be 
given by, 

AV = BJ’ (J +1)- BJ (J + 1) .. (2) 

For the selection rule, 

AJ = + 2, i.e., J’ -J = 2, we get 
AV =B (J + 2) (J +3) -BJ J +1) 
= B (4J + 6), where J = 0, 1, 2,3 ... (3) 
Now, for the selection rule, 
Ad =- 2, i.e., J’ -J = — 2, we get 
AV = BU’ (J +1) - B (J + 2) J’ + 3) 
=-— B (47 +6), where J’ = 0, 1, 2,3... .. (4) 
Combining the results of equations (3) and (4), the wave 


numbers of the lines obtained in the Raman spectrum will be given 
by 


or V=V;tB (4J +6) ... (5) 


where J = 0, 1, 2, 3, ... 
Here V; represents the wave number of the Rayleigh line, 


positive sign gives lines with higher wave numbers and are called 
anti-Stokes lines. The negative sign gives lines with lower wave 
numbers and are called Stokes lines. 


From equation (5), it may be seen that for J = 0, V = V; = 6B, 
i.e., the first Stokes and anti-Stokes line will be at a separation of 
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6B from the Rayleigh line. Further putting J = 1, 2, 3, ... the 

separation between any two adjacent Stokes lines or anti-Stokes 

lines will be 4B. Therefore, the pure rotational Raman spectrum 

expected for a diatomic molecule may be represented by figure (15). 
AJ=0 


—_ f Rayleigh 
Stokes lines line Anti-Stokes lines 


Wave numbers, V-—> 
Fig. 15. Pure rotational Raman spectrum expected for a 
diatomic molecule. 

Problem 13. What are the selection rules for rotational- 
vibrational Raman spectra of diatomic molecules? Describe 
rotational-vibrational Raman spectrum obtained for a 
diatomic molecule. 

Diatomic gaseous molecules give rotational-vibrational Raman 
spectra which are governed by the following selection rules : 

Av=it1 
AJ =0,+2 

However, at room temperature, as most of the molecules are in 
the lowest vibrational level (v=0), therefore, the significant 
vibrational transition is from v=0 to v=1 (called fundamental 
vibration transition). Restricting to this vibrational transition only, 
the following results are obtained : 

For AJ = 0, AV = @, (1 - 2x,) (called Q-branch). 
For AJ = + 2, Av = œ; (1 — 2x,) + B (4J +6) (called S-branch). 
For AJ = - 2, AV = œ, (1 - 2x,) — B (47 + 6) (called O-branch). 


Expressing the values for Q, S and O branch by 
AVQ, AVg and AVo, respectively, and if the wave number of the 
exciting radiation be V;, the wave numbers of the Stokes lines will 
be given by, 

va = Vi — AVQ 
Vs = V; - AVg 
Vo = Vi id AVo 
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J=3 
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J=3 
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D ye] 
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AJ-—2 AJ-0 AJ-+2 
V, 
4 
Sey ee ey 
O-Branch Q-Branch S-Branch 


Wave number, V-——» 
Fig. 16. Rotational-vibrational Raman spectrum of a diatomic molecule. 


We have considered the case for Av=+1 which represents 
Stokes lines. The anti-Stokes lines are those for which Av =- 1. 
They are usually weak because initially very few molecules are in 
the excited vibrational state. 

The rotational transitions accompanying the vibrational 
transition from v = 0 to v = 1 and the rotational-vibrational Raman 
spectrum obtained may be represented by figure (16). 

Problem 14. Explain Raman spectroscopy. Give an 
experimental set up of Raman spectrophotometer. Discuss 
some applicaiions of Raman spectra. (Meerut 2007, 2006) 
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[I] Raman Spectroscopy 
See Problem 11. 


[tl] Experimental Raman Spectroscopy 


The experimental set up for Raman scattering is shown in 
figure (17). Intense monochromatic radiations from a source 


Prevents light from Scattered 
J being reflected into light 


spectrograph 
N Sample tube ra 


Incident “ A ELLIT M Lens “Prism 


dt t $ f f t t filter e 


Mercury vapour lamp 
Fig. 17. The experimental set up for Raman spectroscopy. 

consisting of a large spiral discharge tube with mercury electrodes 
is allowed to fall on the cell containing a gaseous or liquid sample. 
When the current discharge passes through the tube, mercur 
emits lines in its spectrum the most intense of which at 4358. 
(i.e., 435.8 nm) serves as the exciting line. The scattered light is 
observed at right angles to the direction of the incident radiation. 
The detector is either a photographic plate or a photomultiplier. 
The horn shape of the cell helps in reducing the direct reflection of 
the source from the back of the cell. 

The Raman spectra of gases are generally weaker than those 
of liquids. It is necessary to use very long discharge lamps and cells, 
the latter containing mirrors at both ends arranged so as to 
increase the effective path length of the cell. However, with the 
development of lasers, which are very powerful sources of 
monochromatic radiation, Raman spectroscopy has undergone 
radical changes. 


[ill] Applications of Raman Spectra 


Raman spectroscopy, despite difficulties with sensitivity, has 
several advantages which make it an extremely important 
spectroscopic tool. It gives information about molecular vibrations 
that are inactive in the infrared region because of molecular 
symmetry. According to the ‘mutual exclusion rule’, for 
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centrosymmetric molecules (i.e., molecules such as H}, CO,, CoH, 
etc., that possess a centre of symmetry), the vibration which is 
active in infrared is inactive in Raman and the vibration which is 
inactive in infrared is active in Raman spectra. Raman 
spectroscopy, in fact, complements infrared spectroscopy. Thus, the 
stretching vibrations of homonuclear diatomic molecules (such as 
Hg, Oo, Hy, etc.) which are inactive in infrared (since they are not 
accompanied by a change in dipole moment which is already zero) 
are observed in Raman spectra. Also, the symmetric stretching 
vibration of COs, that is inactive in infrared, is active in Raman 
spectra. 

Another example is that of planar dichloroethylene, C,H,Cly, 
which consists of cis- and trans-configurations in equilibrium. Only 
the trans-configuration has a centre of symmetry. Thus, the 
coincident frequencies observed in infrared and Raman spectra of 
the sample can be assigned to the cis-configuration. In this manner, 
the analysis of the mixtre of the cis- and trans-isomers can be 
carried out. 

Again, for CS, all the vibrations that are Raman-active are 
infrared-inactive and vice-versa, whereas for N,O the vibrations 
are simultaneously Raman and infrared-active. From the spectral 
data we conclude that CS, has a centre of symmetry, whereas 


N,O has no centre of symmetry. Thus, the CS, structure is of the 
type S—-C—S, while the N,O structure must be N—N—O rather 


than N—O—N. 

Raman spectroscopy has another advantage in that it uses 
visible or ultraviolet radiation rather than infrared radiation. 
Hence, the walls of the sample cell and other units of the optical 
system can be made of glass or quartz rather than of special 
materials that are transparent to infrared radiations. Also, the 
experimentalist can work very conveniently with aqueous media 
since water is far more transparent in the visible and UV regions 
than in the infrared region. Thus, Raman spectroscopy can be 
utilized for. the investigation of biological systems such as the 
polypeptides and the proteins in aqueous solution. 

Problem 15. What are the advantages of Raman 
spectroscopy over infrared spectroscopy ? 

Raman spectroscopy has a number of advantages over infra-red 
spectroscopy which are discussed below : 

(1) Raman spectra can be obtained not only for gases but even 
for liquids and solids, whereas infrared spectra for liquids and 
solids are quite diffused. 
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(2) Since Raman frequencies are independent of the frequency 
of the incident radiation, so by suitably adjusting the frequency of 
the incident radiation, Raman spectra can be obtained in the visible 
spectrum range where they can be easily observed rather than the 
more difficult infrared range. 

(3) Raman spectra can be obtained even for molecules such as 
Oz, Ng, Cl, etc., which have no permanent dipole moment. Such a 
study is not possible by infrared spectroscopy. 


Problem 16. Write a note on F-Q-R bands in 
vibrational-rotational spectra. (Meerut 2006) 

The vibrational-rotational spectrum of a substance does not 
occur in the form of a single spectral line. However, a number of 
lines appear on either side of the expected position. Consider the 
equation, 


vV=ort h . J (where J, = moment of inertia) 
an Ie 
The first term on the right hand side, i.e., œ (fundamental 
frequency of the vibration) gives the origin of centre of the 
fundamental band due to one step change in vibrational transition. 


The second term, i.e., + ay gives the rotational fine structure 
Te c 
becasue of rotational transition. 

(i) If J is positive then a series of lines of higher frequency 
(shorter wavelengths) appear on the right side of the band origin. 
These lines are known as R-branch of the vibrational-rotational 
band. 


(ii) If J is negative, then a series of lines of lower frequencies 
(longer wavelengths) appear on the left side of the band origin. 
These lines are known as P-branch of vibrational-rotational band. 


So, two lines appear, one on the right side and other on the left 
side of the origin for each possible value of J. 


(iii) J may be close to zero, if the molecule has an angular 
momentum about the axis joining the nuclei. In such a case, 
vibrational transition is not accompanied by any appreciable 
rotational changes. The moment of inertia in the final state must, 
however, be different from that in the initial state. This shows that 
there must be some small changes in rotational energy of these 
molecules. These changes give rise to a series of very closely spaced 
lines, known as Q-branch or Q-band. Such bands are generally 
observed in polyatomic moelcules. 
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Problem 17. What types of molecules give rotational- 
vibrational Raman spectra? 

The selection rule for a molecule to give rotational-vibrational 
Raman spectrum is that the polarization of the molecule must 
change as the molecule vibrates. In case of both types of diatomic 
molecules, i.e., homonuclear as well as heteronuclear, as the 
molecule vibrates, the control of the nuclei over the electrons 
changes and so there is a change in polarizability. That is why both 
types of diatomic molecules give rotational-vibrational Raman 
spectra, i.e., they are vibrational Raman-active. This is one of the 
main advantages of Raman spectra over infrared spectra because 
homonuclear diatomic molecules do not give pure vibrational or 
rotational spectra because they do not possess a permanent dipole 
moment. 

Problem 18. Write a short note on Franck-Condon 
principle. 

The nuclei in a molecule are subjected to different forces after 
an electronic transition has occurred and the molecule may respond 
by starting to vibrate. The 
resulting vibrational structure of 
electronic transitions can be 
resolved for gaseous samples, but 
in a liquid or solid, the lines 
usually merge together and result 
in a broad almost featureless 
band. 

The vibrational structure of 
an electronic transition is 
explained by a principle known as 
Franck-Condon principle. 
According to it, because the 
nuclei are so much more 
massive than the electrons, an 
electronic transition takes 
place very much faster than 
the nuclei can respond. 


Electronic 
excited state 


Turning point 
(stationary nuclei) 


Electronic 
ground state 


As a result of the transition, Nuclei stationary 
the electron density is rapidly Fig. 18. According to the Franck-Con- 
built up in new regions of the don principle, the most intense 


molecule and removed from vibronic transition is from the ground 
vibrational state to the vibrational 


others and the initially stationar Y state lying vertically above it. Transi- 


nuclei suddenly experience a new tions to other vibrational levels also 
occur, but with lower intensity. 
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force field. They respond to the now force by beginning to vibrate 
and giving backwards and forwards from their original separation, 
which was maintained during the rapid electronic excitation. The 
stationary equilibrium separation of the nuclei in the initial 
electronic state, therefore, becomes a stationary turning point in 
the final electronic state (fig. 18). 


Problem 19. Describe the concept of potential energy 
curves for bonding and antibonding molecular orbitals. 
What are the energy levels of molecular orbitals? Describe 
o and n molecular orbitals. 


According to valency bond theory, a bond is formed by the 
overlapping of atomic orbitals and the bonded atoms in the 
molecule are héld together by one or more pair of electrons. Thus, 
the electrons involved in the bond formation lose their identity but 
the atoms to some extent retair their identity even after the bond 
formation. 


The molecular orbital theory given by Hund and Mulliken, 
considers that the valency electrons are associated with all the 
concerned nuclei, i.e., with the molecule as a whole. Thus, in other 
words, the atomic orbitals combine together to form molecular 
orbitals in which the identity of both the atomic orbitals is lost. The 
number of resulting molecular orbitals is equal to the number of 
atomic orbitals involved in their formation. Thus, the combination 
of two atomic orbitals gives rise to two molecular orbitals. Of these, 
one molecular orbital is lower in energy, whereas other is higher in 
energy than the combining atomic orbitals. 


Antibonding 
s Molecular 
o : 
ls Orbital 


gs 
2 
aa 
op 
3 
g Atomic Atomic 
5 Orbital Orbital 


Bonding 
Molecular 
Orbital 


Fig. 19. Formation of bonding and anti-bonding molecular orbitals. 


The molecular orbital having lower energy than combining 
atomic orbitals gives rise to an attractive state and is called as 
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bonding molecular orbital. In such a molecular orbital, there will 
be a high probability of electron density in the overlapped region 
which will be in between the two positive nuclei. This high electron 
density in between the two positive nuclei shields them from 
mutual repulsion and keeps them together at the observed distance 
from each other as shown in fig. (20). 


rr 


“a 


s-Orbital s-Orbital Overlapping by Resultant Bonding 
Addition o, Molecular 
Orbital 


Fig. 20. Formation of bonding molecular orbital formed by the overlap- 
ping of s-orbital of one atom with s-orbital of another atom. 

The molecular orbital having higher energy than the combining 
atomic orbitals gives rise to a repulsive state and is called as 
antibonding molecular orbital. In this case, the possibility of 
finding electrons in the region of overlap is practically nil. Thus, 
the electrons will not shield the two nuclei and on account of 
mutual repulsion, the nuclei will be pushed apart from each other 


as shown in figure (21). 


Ui, 


S 
s-Orbital s-Orbital Overlapping by Resultant Antibonding 
Subtraction o, Molecular 
Orbital 


Fig. 21. Formation of antibonding molecular orbital formed by the over- 
lapping of s-orbital of one atom with s-orbital of another atom. The +ve 
and - ve signs indicate the symmetry symbols. 


[I] Conditions For the Combination of Atomic Orbitals 

(1) The energies of the combining atomic orbitals should not 
differ much from one another. 

(2) The atomic orbitals combine only if they overlap to a 
considerable extent. This will minimise the mutual 
repulsion between the nuclei. 

(3) The combining atomic orbitals must have the same 
symmetry about the molecular axis. 

The following types of molecular orbitals will be formed by the 

combination of s and p atomic orbitals. 
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First atomic orbital 


Second atomic 
orbital 
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Type of molecular 
orbital formed 


S OF Py OF Py OF Pz 
sorp, 

Py 

Pz 


Go 


o 
T 
T 


[II] Combination of Atomic Orbitals 

(i) Combination of s-orbitals : The combination of two 
similar 1s atomic orbitals gives rise to two molecular orbitals, 
6), and 6j,. 6), is the bonding molecular orbital, where as o}, is the 
antibonding molecular orbital. Similarly, the combination of two 
2s atomic orbitals will give rise to op, and o}, molecular orbitals. 
These will be of higher energy than o,, and o}, molecular orbitals, 
as they are formed from atomic orbitals of higher energy. 

(ii) Combination of p-orbitals : The p-orbitals can combine 
either along the axis to give o-molecular orbitals or perpendicular 
to the axis to give m-molecular orbitals. 

(a) Combination of p, orbitals : The overlapping of two p, 
orbitals along the axis results in the formation of a bonding Sp, and 


antibonding o; molecular orbitals. The orbital with same sign 


produce bonding molecular orbitals, whereas the orbitals with 
unlike signs produce antibonding molecular orbitals. 


CTD CD) — OEO 


px Orbital Px Orbital Overlapping by Addition 


a Cs ee) 


Resultant Bonding 
op, Molecular Orbital 


=) C= Cth 


Px Orbital px Orbital Overlapping by Substraction 


Resultant Antibonding 
op Molecular Orbital 


Fig. 22. Formation of bonding and antibonding co molecular orbitals by 
the overlapping of px atomic orbitals. 
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(b) Combination of p, or p, orbitals : The overlapping of 
two p, or two p, atomic orbitals takes place perpendicular to the 
molecular axis and, thus, results in the formation of bonding and 
antibonding m-molecular orbitals shown in fig. (23). 


be 


Resultant 
py Orbital py Orbital Overlapping Bonding 
i by Addition py Molecular 
PY Orbital 
PE $ tas 
ae Resultant 
py Orbital Py Orbital Overlapping Antibonding 
Í by Addition py Molecular 
Orbital 


Fig. 23. Formation of bonding and antibonding z molecular orbitals by 
the overlapping of py or pz atomic orbitals. 


[Ii] Energy Levels of Molecular Orbitals 


The mlecular orbitals involved in the formation of simple 

compounds are as follows : 
Bonding molecular orbitals Ois Oz Oop Mop Map 
Antibonding molecular orbitals 6}, 2, 2) Mp Mp 
x y z 


The energies of these molecular orbitals have been determined 
experimentally from spectroscopic data. The energy increases in 
the order as shown below : 


* * 
Ois < Ois < O25 < O25 < O2p, < Tap, = Tp, 
* * * 
< Mop, = Map, < O2p, 
Thus, O}, possesses lowest and 62, possesses the highest 
z 


energy. This order is applicable for nitrogen and heavier 
homonuclear diatomic molecules. As the energies of 03, and 72, or 
x y 


Top are very close together, the molecular orbitals for boron and 
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carbon have slightly different pattern. In these cases, the energy 
of bonding O» is higher than the nergy of bonding mo, or To, 


orbitals. 


[IV] Rules For the Filling of Electrons in the Molecular Orbitals 

(1) The molecular orbitals are filled in the order of increasing 
energy. 

(2) The maximum number of electrons in a molecular orbital 
is two. 

(3) Ifthere are two molecular orbitals of equal energy, they are 
first singly occupied and pairing starts when more 
electrons are to be filled. 

Bond order or number of covalent bonds in the molecule 

1 


=3 [Number of bonding electrons -Number of antibonding 


electrons] 


[V] Molecular Orbital Configuration of Some Molecules 

(i) Hydrogen molecule : The electronic configuration of 
hydrogen is 1s’. When 1s atomic orbitals from two hydrogen atoms 
combine, there is a formation of o,, and oj, molecular orbitals. 
Since each hydrogen atom has only one electron, both the electrons 
will be present in the bonding ©, molecular orbital, the 
antibonding oj, will remain vacant. The molecular orbital 
configuration of H, molecule is, therefore, o, 

The number of covalent bonds in the molecule 


: (Bonding electrons — Antibonding electrons) 


H 


Nje N| 


(2-0)=1 

Thus, there is a single covalent bond between two hydrogen 
atoms in the hydrogen molecule. 

(ii) Nitrogen molecule : The atomic number of nitrogen is 7 
and its electronic configuration is 1s? 2s” 2p} 2p; 2p). When atomic 


orbitals of two nitrogen atoms combine, there will be 14 electrons 
to be filled in the molecular orbitals of N, molecule as follows : 
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lois 01s] 1035 023? O2p, Mp, Mp] 
or KK lož, 0952 2 Of, , Top, Tp | 
where KK represents the closed K shell structure. The electrons of 
the closed shell do not take part in the bond formation and are 
known as non-bonding orbitals. Thus, there are 8 bonding and 2 
antibonding electrons. The number of covalent bonds 
= (1/2) (8 - 2) = 3. This means that there is a triple covalent bond 
between two nitrogen atoms in a nitrogen molecule. 

(iii) Oxygen molecule : The atomic number of oxygen is 8 and 
its electronic configuration is 1s” 2s” 2p? 2p} ope When atomic 
orbitals of two oxygen atoms combine, there will be 16 electrons to 
be filled in the molecular orbitals of O molecule as follows : 


2 2 * yk 
lof, 01,21 [02s 054? Op x Mp, T2p, Tap? Tap!) 
2 2 no 2 nA 1na I 
or KK loĝ, O25 O2p, Tap, nap; T2p, T2p!] 


Thus, there are 8 bonding and 4 antibonding electrons. The 
number of covalent bonds = (1/2) (8 - 4) = 2. This means that there 
is a double covalent bond between two oxygen atoms in an oxygen 
molecule. The molecular orbital configuration also accounts for the 
paramagnetic character of O, molecule as there are two unpaired 
electrons in the antibonding n-orbitals. 

(iv) Carbon monoxide molecule : The atomic number of 
carbon is 6 and that of oxygen is 8. 


gC = 1s? 2s? 2p} 2py 2p? 3 
gO = 1s? 2s” 2p2 2py 2p} 
When atomic orbitals of carbon and oxygen combine, there will 


be 14 electrons to be filled in the molecular orbitals of CO molecule. 
The molecule of CO is isoelectronic with that of Na. Hence, CO 


molecule will have the same molecular structure as that of No. 
K K 10%, 05,2 O2p? Map? Tay? 
Thus, there are 8 bonding and 2 antibonding electrons. The 


number of covalent bonds = (1/2) (8 — 2) = 3. This means that there 
is triple bond between carbon and oxygen atoms. 
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Problem 20. Draw the molecular orbital energy level 
diagrams of N>, O, and CO molecules. 


[I] Molecular Orbital Energy Level Diagram of N, Molecule 


Atomic orbitals Resvlting molecular orbirals Atomic orbitals 
of nitrogen formed of nitrogen 


Increasing Energy 
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[Il] Molecular Orbital Energy Level Diagram of O, Molecule 


Atomic orbitals 
of oxygen 


Resulting molecular orbirals 
formed 


Increasing Energy 


Atomic orbitals 
of oxygen 
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[li] Molecular Orbital energy Level Diagram of CO Molecule 


Atomic orbitals Atomic orbitals 
of carbon of oxvgen 


Resulting molecular orbirals 
formed 


Increasing Energy 
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Problem 21. Mention the differences between bonding 


molecular orbital and antibonding molecular orbital. 


S.No.| Bonding molecular orbital 


Antibonding molecular 
orbital 


1. 


They are formed by the linear|They are formed by the linear 
combination of atomic orbitals}combination of atomic orbitals 
when their wave functions are}when their wave functions are 
added ¥ = Y4 + Yg subtracted ¥ ='¥, - Yg 


They have lower energy (more|They have higher energy (less 
stable) than the combining|stable) than the combining 
atomic orbitals. atomic orbitals. 

The electron density between|The electron density between 
the two positively charged nuclei | the two positively charged nuclei 
is increased. is considerably decreased. 


orbitals favour the stable bondjorbitals oppose the bond 
formation 


The electrons of these molecular [oe electrons of these molecular 


formation. 


EXERCISE 


[I] Short Answer Type Questions 


1. 


Explain Stokes lines, anti-Stokes lines and Rayleigh scattering in 
Raman spectrum. 

(For answer please see problem 11] (Meerut 2007) 
What are units and ranges in infrared region ? 

[For answer please see problem 1] 


Write important applications of infared spectroscopy. 
[For answer please see problem 4] 


Give the potential energy curve for a simple harmonic oscillator. 
[For answer please see problem 6] 


Mention the differences between UV-visible and infrared 
spectroscopy. 

[For answer please see problem 5] 

Mention the selection rules for vibrational spectrum. 

[For answer please see problem 8} 

Describe the selection rules for rotational-vibrational Raman 
spectrum. 

[For answer please see problem 13] 

Write a note on P-Q-R branches of rotational-vibrational spectrum. 
{For answer please see problem 13} (Meerut 2006) 
Mention the differences between Raman spectrum and infrared 
spectrum. 

[For answer please see problem 15] 
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10. 


11. 


12. 
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Write a short note on Franck-Condon principle. 

[For answer please see problem 18] 

Mention the differences between bonding and antibonding molecular 
orbitals. 

[For answer please see problem 21] 

How will you determine force constant ? 

[For answer please see problem 4] 


[II] Very Short Answer Type Questions 


1. 


2. 


10. 


11. 


Define Raman spectroscopy. 

[For answer please see problem 11] 

Define Rayleigh scattering. 

[For answer please see problem 11] 

Define Stokes and anti-Stokes lines. 

{For answer please see problem 11] 

What is Raman shift ? 

[For answer please see problem 11} 

Define Franck-Condon principle. 

[For answer please see problem 18] 

What do you understand by zero point energy ? 

[For answer please see problem 8] 

Define fundamental frequency. 

[For answer please see problem 9] 

Why Hg, Oo, Np molecules show vibrational spectrum ? 

[For answer please see problem 10] 

Explain why HCl, NO., C2H, molecules show vibrational spectrum ? 
[For answer please see problem 10] 

Define the terms symmetric ard antisymmetric stretching. 

{For answer please see probiem 2] 

Arrange the energy required to produce rotational, vibrational and 
electronic transitions in increasing order. (Meerut 2006) 
[Ans. Rotational < Vibrational < Electronic transitions] 


QO) 
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Interaction of radiation with matter, difference between thermal and 
photochemical processes, Laws of photochemistry : Grotthus-Draper law, 
Stark-Einstein's law, Jablonski diagram depicting various processes 
occurring in the excited state, qualitative description of inter-system 
crossing, quantum yield, photosensitized reactions, energy transfer 
processes (simple examples). 
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PROBLEMS | 


Problem 1. What do you understand by photochemistry? 
What is the difference between thermochemical reactions 
and photochemical reactions? 


[I] Photochemistry 


Photochemistry is that branch of science which deals with the 
chemical processes that occur when a material system is 
illuminated by radiation from an external source. So, 
photochemistry is the science of chemical effects of radiations 
whose wavelengths lie in the visible and ultraviolet regions, i.e., in 
the range from 8,000A to 2,000 A. The chemical effects produced by 
the high energy radiations like X-rays, y-rays etc. are studied under 
radiation chemistry. 


[i] Thermochemical Reactions and Photochemical Reactions 


Ordinary chemical reactions are referred to as thermal or 
dark reactions in order to distinguish them from the 
photochemical reactions. All spontaneous chemical reactions are 
accompanied by a decrease in the free energy, whereas 
photochemical reactions take place with an increase of free energy, 
as a result of free energy supplied by light. 


[lll] Differences between Photochemical Reactions and 
Thermochemical Reactions 


3 

Photochemical reactions T Thermochemical reactions 

1. These reactions involve|1. These reactions involve 

absorption of light. absorption or evolution of heat. 

2. The presence of light is the|2. They can take place even in 
primary requisite for the the dark. 


reaction to take place. Í 
3. Temperature has very little!3. Temperature has significant 
effect on the rate of effect on the rate of a 
photochemical reaction. thermochemical] reaction. 
lnstead, the intensity of light 
has a marked effect on the rate 
of a photochemical reaction. | 
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4. The free energy change (AG) of|4. The free energy change (AC) of 
a photochemical reaction may a thermochemical reaction is 
not be negative. A few always negative. 
examples of photochemical 
reactions for which AG is 
positive and still they are 
spontaneous are synthesis of 
carbohydrates in plants and 
decomposition of HCl into H, 


and Clb. 
Problem 2. Explain the different laws of photochemistry. 
(Meerut 2006) 


Or, Write a short note on Stark-Einstein’s law. 
(Meerut 2007, 06) 


[I] Laws of Photochemistry 


(1) Grotthus-Draper law : According to this law, ‘Only those 
rays which are absorbed by the substance are effective in producing 
a chemical change’. 

This statement was based on theoretical data. All light 
radiations which are absorbed are not, however, effective in 
bringing about chemical reactions. Some of the light radiations are 
converted into heat and some other re-emitted as radiations of the 
same or lower frequency. 

(2) Lambert’s law : According to this law, ‘When a 
monochromatic beam of light passes through a homogeneous 
absorbing medium, equal fractions of incident radiations are 
absorbed by successive layers of equal thickness of the light 
absorbing substance’. In other words, ‘the rate of decrease of 
intensity with the thickness of absorbing medium is proportional to 
the intensity of the incident radiation’. 

Consider a thin layer of the medium of thickness dx and let I 
be the intensity of the radiation entering it, then mathematically, 
Lambert’s law can be written as : 


or —=-kl. (where k = constant) 


The value of J can be calculated by integrating the above 
equation within proper limits. i.e., 


I x 
or di =o f kdx 
h Í 0 
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lo we 
Se h 
Ea ~ kx 
D 
or T=Ip.e* Bre), 


where, J, is the inensity of the incident radiation, and k is,a 
constant which depends upon the nature of the medium as well as 
on the wavelength of light employed. The intensity of absorbed 
radiation, 


Tube = 19 - 1 = Ip l- e”). 
On converting natural logarithm to common logarithm, 
equation (1) may also be written as, 


I=Ip.10™ ... (2) 
where a = 5305 k = 0.4343 k and is known as extinction coefficient. 
It is this quantity which is called absorption coefficient or 
absorptivity of the substance. The factor — log (IIo) is called 
absorbance of the medium. 

(3) Beer’s law : Beer (1852) showed that the absorption of Pent 
by solution depends upon the thickness (x) of the layer traversed 
and the molecular concentration (c), in that layer. According to this 
law, 

‘The absorption of light remains constant when the 
concentration and the thickness of the absorbing layer are changed 
in an inverse ratio’. In other words, ‘the rate of decrease in intensity 
of radiation absorbed is proportional to the intensity of the incident 
radiation and also to the concentration of the solution.’ 


Mathematically < a meer 
where c = concentration of the solution and e is a constant. 
On integration, log, A =- ecx .. (3) 
0 
or M e ~ 
Io 
I = Ip e oe 


This equation shows how the intensity of a monochromatic 
light falls from J) to J on passing through a thickness x of a solution 
of concentration, c. 
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It is evident that if the concentration is doubled and the 
thickness of the layer be halved, the extent of absorption will be 
the same. Rewriting equation (3), we get 


2.303 logyo 2 =- ecx 
0 


Pee ane 
8107, 77 2.303 `” 


I , 
or logio 7 = & cx 

0 

IT -Ecx 
or p? 

I=. 10%" 


where £ is known as molar extinction coefficient of the absorbing 
medium, and is given by £’ = 0.4343 £. Now, it is known as molar 
absorption coefficient or molar absorptivity of the absorbing 
solution. The value of £ depends upon the nature of the substance 
and the wavelength of the incident light. The quantity, log, (Ip/I) is 
called the optical density or absorbancy (D) of the medium, i.e., 


D = log, z = g.c.x. (where x = thickness of medium). 


(4) Law of photochemical equivalence or Stark- 
Einstein’s law : Stark (1909) and Einstein (1912) gave the most 
important law of photochemistry, based on quantum theory. 
According to this law, 

‘In a photochemical reaction, one quantum of active light 
(photon) is absorbed per molecule of the reacting substance which 
disappears’. 

Suppose the frequency of the absorbed light be v. Then the 
corresponding quantum of energy absorbed per molecule will be 
hv, where h is Planck’s constant. Therefore, the quantum of energy, 
E absorbed per mole of the reacting substance is given by, 


E = Nhv erg mole! (where N = Avogadro’s number) 

___NaAv__ 

4.184 x 107 

p ~ (6.023 x 1023) x (6.626 x 10°72”) x v 
4.184 x 107 


cal mole}. 


calmole! ... (4) 
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Now v=c/A, where c is the velocty of light and A is the 
wavelength of radiation absorbed. 
6.023 x 107? x 6.626 x 1027 x 2,998 x 107° 


E= 7 
4.184 x 10° xa 


Z 2s cal mole™!. ... (5) 


In equation (5), à is expressed in cm, but it is generally 
expressed in Angstrom unit, Å os = 10% cm). Thus, 


E= 228 x 10° cal mole”! = 28 x 10° kcal mole! 
_ il. a ee 10° kJ a 


Thus, it is clear, that the numerical value of E varies inversely 
with the wavelength of the light absorbed. Therefore, shorter the 
wavelength, the greater is the energy absorbed per mole. The 
quantity E, i.e., energy absorbed per mole of the reacting substance 
is called one einstein, i.e., 


2.86 x 10° 


5 
1 einstein = a a kcal mole ! = dE OT x107 


i kJ mole”, 

For violet light, à = 3750 A and E = 76.2 k cals and for red light, 
À = 7500 A and E = 38.13 k cals. : 

Problem 3. What do you understand by quantum 
efficiency? Write its values for some photochemical 
reactions. Describe the method for determining the quantum 
efficiency of a photochemical reaction. Give reasons of low 
and high quantum efficiency. (Meerut 2007, 06, 05) 


[I] Definition of Quantum Efficiency 

Quantum efficiency is defined as, ‘the number of moles of the 
light absorbing substance that react chemically for each einstein of 
absorbed radiation’, or ‘the number of molecules reacting for each 
quantum of absorbed radiation’. It is represented by 9. 
Mathematically, 

___ Number of molecules reacting in a given time 

Number of quantum of light absorbed in the same time 


_ Number of moles or gram molecules reacting in a given time 
Number of einsteins of light absorbed in the same time — 
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[It] Experimental Determination of Quantum Efficiency 
The determination of quantam efficiency requires : 


(a) The determination of the number of moles of the reacting 
substance that undergo chemical change in a given time. 


(b) The number of einsteins of radiation absorbed by the light 
absorbing substance during that time. 


The former factor can be determined by the usual analytical 
methods. However, the apparatus employed for determining the 
latter factor consists of the following units : 

(i) Light source : Sunlight, arc light, mercury vapour lamp 
etc. are used for this purpose. 

(ii) Monochromator : Since the value of einstein depends 
upon the wavelength of the incident light, it is necessary to use 
light of one wavelength of light falling within a narrow range of 
wavelengths. Usually, discharge tubes giving atomic spectra are 
used. The line of desired wavelength is chosen by the use of 
properly chosen optical filters, which absorb the undesired 
wavelengths. Such device of using light of one wavelength, i.e, 
monochromatic light or light falling within a narrow range of 
wavelengths, is called a monochromator. 

(iii) Reaction cell : The light from the monochromator enters 
a reaction cell A which contains the reaction mixture. The cell is 
generally made of glass or quartz with optical plane windows for 
the free exit and entrance of light radiation. 

(iv) Detector : A detector B is used for determining the 
intensity of light coming from a reaction cell. The intensity of light 
is measured with the cell when empty and then with the reaction 
mixture. The difference between the two readings wiil give the 
amount of energy absorbed by the reaction system under study. 


The schematic diagram is represented as : 


Thermostat 


Light 


source 


Thermopile 


Monochrometor Lens 


Reaction cell 
Fig. 1. An apparatus for photochemical experiments. 
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The intensity of light can be measured by the following type of 
detectors : 

(a) Chemical actinometers : When extreme accuracy is not 
desired, a chemical ` actinometer, can be used to measure the 
intensity of light radiation. It generally consists of gas mixtures or 
solutions which are sensitive to light. When radiations fall upon 
these substances, a chemical reaction takes place and the extent of 
it gives a direct measure of energy absorbed. 

The most frequently used actinometer is the uranyl oxalate 
actinometer. It consists of a 0.05 M solution of oxalic acid mixed 
with an equal volume of 0.01 M of uranyl nitrate or sulphate. On 
exposure to violet or ultraviolet light within wavelengths of 2540 
Å and 4350 Å, oxalic acid gets decomposed, the uranyl ion (UO3") 
acting as a photosensitizer. The extent of the decomposition during 
a given period of time is determined by titration with standard 
KMnO, at the beginning and at the end of the exposure. The 
difference in the readings gives a measure of intensity of light 
absorbed. 

UOŽ + hv > (U08")* 
(UO3")* + (COOH), > CO, + CO + H20 + (U03"). 

(b) Thermopile : It consists of a series of unlike metals which 
are connected to a galvanometer. One end of it is coated with lamp 
black or platinum black and the other end is kept as such. The 
thermopile is kept in glass or quartz vessel. When light from a 
reaction cell is incident on the black surface, it gets heated up, 
resulting in a difference in temperatures of the black and the other 
cold end. So, a thermo-electric current flows in the circuit. The 
current produced is proportional to the intensity of light absorbed. 
Thermopiles are generally calibrated with standard light sources. 


[III] Method for the Determination of Quantum Efficiency 


First set up the apparatus as shown in figure (1). Then an 
empty cell or the cell filled with solvent (only in case of solutions), 
is placed in the path of the light beam and the light intensity is 
determined as such. Now fill the reaction vessel with the reaction 
mixture. Allow the light to pass through it for a known time. Then 
note the intensity of light after the reaction is over. The difference 
between the two readings will give the total energy absorbed by 
the reacting mixture in the given time. If the time is 1 second, the 
total energy absorbed divided by the volume of the reaction mixture 
gives the intensity of the radiation absorbed. Analyse the contents 
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of the reaction mixture. Then determine the number of moles 
reacted in a given time. The value of ọ is calculated as follows : 


62 No. of moles reacting in a giventime _ 


No. of einsteins absorbed in the same time 


[IV] Quantum Efficiencies of Some Photochemical Reactions 


Some photochemical reactions with quantum yield or efficiency 
are mentioned in the following table. 


No.| Reaction .| (Angstroms) | Quantum Yield 
TLiquid Phase: 

1 | 2Fe** +1, => 2Fe** + 217 5,780 1 

2. |SO, + Cl, > SOC, 4,200 1 

3. [HS -> H+S 2,080 1 

Gas Phase : | 

1. |2HI> Hə +I 2,070-2,810 2 

2. |2HBr > H; + Brz 2,070-2,540 2 

3. |H + Cla — 2HC1 2,000 10° 

4. |CO; + Cl > 2COCI 4,000-4,350 108 

5. |2NH; > N + 3H, 2,100 0.2 

6. 130; -> 203 1,710-1,900 3 

7. |H, + Bry > 2HBr 5,100 0.1 


[V] Reasons for High and Low Quantum Efficiencies 

On the basis of values of quantum efficiencies, the different 
photochemical reactions can be divided into three categories : 

(1) Those in which the quantum efficiency is a small integer, 
eg., 1, 2 or 3. Examples are combination of sulphur dioxide and 
chlorine and dissociation of hydrogen bromide, etc. 

(2) Those in which the quantum efficiency is very high, e.g., 
combination of hydrogen and chlorine etc. 

(3) Those in which the quantum efficiency is very low, eg., 
combination of hydrogen and bromine etc. 

In order to explain the above variations, Bodenstein pointed 
out that photochemical reactions involve two processes, i.e., 


e 
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(a) Primary process : In this process, the light quantum Av 
is absorbed by a molecule A resulting in the formation of an excited 


molecule A*. Thus, 


A+hv > A” 

The molecule which absorbs light may get dissociated giving 
atoms or free radicals. 

(b) Secondary process : In this process, the excited atoms, 
molecules or free radicals produced in the primary process react 
further. 

(1) Reasons for high quantum efficiency : The reasons for 
high quantum efficiencies are : 

(i) Sometimes, the atoms or free radicals initiate a series of 
chain reactions, e.g., in the combination of H, and Cl, to give HC! 
and the quantum efficiency is of the order of 10° or even more. 

(ii) The secondary reaction is exothermic, so that the heat of 
reaction may activate other molecules thereby causing them to 
react. 

Gii) The activated molecules may not get deactivated before 
forming the products. 

(2) Reasons for low quantum efficiency : The reasons for 
low quantum efficiencies are : 

(i) Excited molecules may get deactivated before they form the 
products. 

(ii) The primary photochemical process may get reversed as in 
the combination of H, and Br, to form HBr and the quantum 
efficiency is of the order of 0.01. 

(iii) Collisions of excited molecules with non-excited molecules 
may cause the former to lose their energy. 

(iv) The dissociated fragments may recombine to form the 
original molecule. 

Problem 4. What do you understand by excited states? 
Define and discuss the characteristics of singlet and triplet - 
states. 

[I] Excited States 


The absorption of photons of UV and visible radiations supplics 
an amount of energy which is sufficient to cause the electronic 
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transitions in the molecules and the molecule is said to have 
promoted to the excited molecular electronic state from the lower 
or ground molecular electronic state. During this electronic 
transition, changes in the rotational and vibrational quantum 
numbers may also occur, giving rise to a band spectrum. 

Electronic emission spectra of molecules originate in 
transitions from excited molecular electronic states. These excited 
states can be produced by electron impact, by heading to high 
temperature, or by the absorption of light. Emission spectra, more 
complex than absorption spectra, in the sense that more bands, 
including those corresponding to transitions to V = 1, 2, 3, ... in the 
ground electronic state, can be observed. According to 
Franck-Condon principle, the most probable electronic 
transitions are those in which separation and kinetic energy 
of nuclei do not change. 

Absorption of energy by a molecule in the lower molecular 
electronic state with V=0 produces an electronically excited 
molecule with the same _ inter-nuclear separation. The 
instantaneous final state, therefore, lies vertically above the initial 
state. 

From the above facts it has become quite clear that the excited 
state of a molecule is a state which results from a molecular 
electronic transition. 


{i!] Singlet and Triplet States 

Singlet and triplet states arise from multiplicity considerations 
of spectroscopy and simply define the number of unpaired electrons 
in the absence of a magnetic field. The systems having 0, 1, 2, 3, ... 
unpaired electrons refer to singlet, doublet, triplet, ..., respectively. 
If there are n number of unpaired electrons, it means that (n + 1) 
fold degeneracy (equal energy states) will be associated with the 
electron spin, irrespective of the molecular orbitals occupied. So, if 
no unpaired electrons are present, i.e., n = 0, then degeneracy will 
be one and such a state is called the singlet state. In most of the 
organic molecules, all the electrons are paired (i.e., electrons have 
anti-parallel spins, TL) in their ground state. This is called ground 
singlet state. In such a state, the orbitals corresponding to ground 
energy level (ground electronic state) are occupied by electrons with 
paired-spins (anti-parallel spins, TL), i.e., no unpaired electrons, 
while the orbitals corresponding to higher energy levels are vacant. 

When the molecule in the ground singlet state absorbs UV or 
visible radiations of proper frequency, one electron passes into the 
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vacant orbitals present in higher energy level. During such 
transition two spin relationships may result. 


(1) The promoted electron can have a spin anti-parallel to its 
original partner, which is called excited singlet state. 


(2) The promoted electron can have a spin parallel to its original 
partner, which is called excited triplet state. 

Therefore, the ground singlet state of the system has no 
unpaired electrons in the ground electronic state. The excited 
singlet state of the system has two electrons—one in ground state 
and the other in higher energy state but spins of both are 
anti-parallel and so no unpaired electron. However, in the excited 
triplet state of the system the two electrons (one in ground state 
and the other in the higher energy state (excited state)) have their 
spins parallel. These states are tabulated in figure (2). 


Representation of ground | Excited singlet state of | Encited triplet state of the 
singlet state of the system. | the system Ground and| system. Spins unpaired. 
Unpanred electrons are zero. | excited orbitals are | Unpaired clectrons are two 

singly occupied but 
both spins paired. 


Excited (higher) energy Excited orbitals t Excited electron 
level with vacant orbitals + with one electron 
Both 
spins 
are 


parallel 


Energy Increasing 


t Ground electron 


ty Ground energy level as Ground orbital 
(orbitals occupied) with one electron 


Fig. 2. Picture representation of ground singlet state, excited singlet 
state and excited triplet state of the system. 

The above types of transitions are very common in 7-systems, 
i.e., n — T transitions, because n-electrons can be easily promoted 
than o-electrons. 

Theoretically, the electronic transitions are governed by a spin 
conservation rule, according to which the transitions between 
states of different multiplicity are forbidden. For example, 
transitions from singlet to triplet and vice-versa are forbidden, 
i.e., such transitions have very small probability of occurrence in 
practice. 


[lll] Characteristics of Singlet and Triplet States 
The singlet and triplet states possess the following properties: 


PHOTOCHEMISTRY 85 


(1) Life time : The life time of excited singlet state is 10° to 
10 sec, while that of excited triplet state is 10° to 10° sec. Hence, 
lifetime of the former is much shorter. 

(2) Energy : The excited triplet state is usually lower in energy 
than the excited singlet state in accordance with Hund’s 
multiplicity rule. Therefore, singlet state is more reactive than the 
triplet state. 

(3) Magnetism : The singlet state is diamagnetic as it has no 
unpaired electrons, while the excited triplet state is paramagnetic. 

(4) The excited triplet state gives a ‘biradical’, since the two 
unpaired (parallel) electrons can be assumed to behave like two 
non-interacting electrons. 

Problem 5. Explain the following : 

(i) Non-radiative transitions, internal conversion and 
inter-system crossing. 

(ii) Radiative transitions 

(iti) Jablonski diagram expressing molecular energy 
levels in photochemical processes. (Meerut 2005) 


[i] Non-Radiative Transitions 

The excited molecules can lose their energy in the following two 
ways : 

(1) By non-radiative transitions or 

(2) By radiative transitions. 

Non-radiative transitions : The transition from excited 
singlet state (S,) to ground singlet state (Sp), i.e., Sı So, are called 
non-radiative transitions. It is also called internal conversion 
(.C.). It can also take place between triplet states in the same 
manner, e.g., Ta — T, i.e., from higher triplet state (T,) to the lower 
triplet state (T). 

In some molecules, there is a triplet state (T,) close to an 
excited singlet state (S,) and due to this the molecule can cross over 
into triplet state. Such type of transition, i.e., S;—> T; is called 
inter-system crossing (ISC). It is also a non-radiative transition. 
The non-radiative transitions do not emit any radiations. 


[li] Radiative Transitions 


Radiative transitions are accompanied with emission of 
radiations and are of two type, viz., fluorescence and 
phosphorescence. 
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(1) Fluorescence : When the molecules are exposed to UV or 
visible light of a suitable frequency, it will be absorbed in a femto 
second (107° sec) and the molecule moves from the ground singlet 
state to the first excited singlet state. Since the average life time 
of this excited singlet state is very very small (10° - 10% sec), a 
direct transition from the excited singlet state back to the singlet 
ground state may occur with the emission of photons (radiations). 
This kind of emission of radiation is called fluorescence. The 
mechanism of fluorescence is as follows : 

Radiative 


hv 
Molecule —-———> Sı ———> Sg + AV 
(S o) Absorption transition 


(2) Phosphorescence : This phenomenon is another 
possibility of the radiative transition. After the absorption of light 
of a suitable wavelength, the molecule is raised to excited singlet 
state (life time 10° -10° sec). It may undergo transition to a 
metastable triplet state (life time 10%- 10° sec) and some time 
thereafter returns back to the stable singlet ground state by 
emission of dn ultraviolet or visible radiation photons. This kind of 
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radiative transition is called phosphorescence. The process of 
crossing from excited singlet state to a metastable triplet state is 
called inter-system crossing and it does not involve any emission 
of photons, hence it is a non-radiative transition. The mechanism 
of phosphorescence is as follows : 


Molecul hv Non-radiative Radiative Gaay 

olecuie — > + +hv 

(Ground singlet) Absorption 1 LS.C. l transition O 
state, (So) 


[It] Jablonski Diagram 


The excited state processes in the molecules are pictorially 
represented in figure (3) known as Jablonski diagram. 

Problem 6. Write a note on photosensitization. (Meerut 2005) 

In order to bring about a photochemical reaction, it is necessary 
to have a certain minimum energy; the reactive system must be 
illuminated by light of corresponding wavelength, equal to or 
shorter than a certain maximum. This maximum wavelength is 
called the photochemical threshold. 

It is sometimes found that the substance used in the 
photochemical reaction may not absorb the light used. It is then 
necessary to introduce into the system a third substance capable 
of absorbing this wavelength. If this energy is sufficient to cause 
reaction and if the absorbing substance is not permanently 
transformed, then this phenomenon is known as 
photosensitization. Reactions brought about in this way are said 
to be photosensitized and the light absorbing but non-reacting 
substance is known as the photosensitizer. Since photosensitizer 
is not destroyed in the process, it is thus clear that only a very 
small amount may be effective. At first sight, photosensitization 
may be treated to be a kind of chemical catalysis. 


Vogel (1873) discovered that photographic plates could be 
sensitized to green and red light, by treating them with certain 
dyestuffs. Atoms, such as those of mercury, xenon etc. are effective. 
Those reactions where halogen molecules are photosensitizers 
generally include decompositions and rearrangements. Chlorophyll 
sensitizes the photosynthesis of carbohydrates, zinc oxide 
sensitizes some photo-oxidations and reduction of organic 
compounds. 

The explanation of photosensitization falls under two heads 
viz., according to whether the direct result of light absorption is the 
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excitation of the photosensitizer to a higher electronic level or its 
dissociation. In the former case, the reaction is induced by a 
transfer of energy of excitation to a molecule of the reactants so as 
to activate it for the chemical change. In the latter case, the 
products of dissociation catalyse the chemical change. 

It has been seen that atoms can be excited to various levels by 
the absorption of light of an appropriate wavelength. The 
importance of such excited atoms in connection with 
photochemistry lies in their ability to initiate the secondary 
reactions in the process known as photosensitization. These 
secondary reactions had to compete with the spontaneous emission 
of the excited species. The question of radioactive life time is, 
therefore, of importance from the stand-point of its effectiveness as 
a photosensitizer. Excited atoms with a long life time are most 
effective in initiating such reactions. Thus, in the case of Hg atom 
as a sensitizer on exposure to 2537 A, it is first excited to 3p, state 


according to the equation 
Hg('So) + hv — Hg ČP) 

These excited mercury atoms in the *P, state is readily 
converted to *P, state. The radioactivity transition from Hg“ ?P,) 
state to the unexcited ground level state of Hg es) is highly 
improbable from the selection rule. Therefore, the Hg’(?P,) atoms 


have long lives and are, therefore, very effective in bringing about 
photosensitization. 


Examples of Photosensitization 

A few well known examples of the photosensitized reactions are 
briefly described as under : 

(1) Decomposition of oxalic acid in presence of uranyl 
sulphate : This reaction forms the basis of the actinometer used 
to measure the intensity of radiation. The coloured uranyl ions 
absorb light and gets activated [(U02*)*]. The activated ions then 
pass the light to the colourless oxalic acid which then undergoes 
decomposition; the extent of decomposition depending upon the 
light energy absorbed. 


UO3* + hv —> (UO)*5* 


COOH 
(uo0z)* + | —— > U0#*' + CO, + CO + H20 
COOH 
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The uranyl ions thus act as photosensitizer. 

(2) Dissociation of hydrogen molecules in presence of 
mercury vapour : Hydrogen molecules do not dissociate when 
exposed to ultraviolet light. However, when hydrogen gas is mixed 
with mercury vapour and then exposed to the ultraviolet light, 
hydrogen molecules dissociate to give hydrogen atoms through the 
following reactions : 


Hg + hv ——> Hg" 
Hg" + Ha ——> Hg + 2H 
where Hg" represents the activated mercury atom. Thus, in the 
above reaction mercury atom acts a photosensitizer. 
The H-atom being highly reactive can easily reduce metallic 
oxides, nitrous oxide, carbon monoxide etc. 


Problem 7. Write a detailed note on fluorescence. 
(Meerut 2007, 05) 


When a substance mostly vapour or liquid is irradiated by 
light, it itself begins to emit light and it stops emitting light or 
radiation as soon as the incident light is cut off. This phenomenon 
is called fluorescence. Such substances which emit radiations 
during the action of stimulating light are called fluorescent 
substances. In fluorescence, it is essential for light to be absorbed 
before it is re-emitted. This distinguishes it from Tyndall, Rayleigh 
scattering and Raman effect. Fluorescence stops practically when 
the exciting light is shut off and this distinguishes it from 
phosphorescence, in which the emission continues for a short time 
even after the incident light is shut off. 

According to Stokes (1852) the radiation emitted in 
fluorescence has a greater wavelength, i.e., lower energy, than the 
exciting radiation, i.e., the light originally absorbed. A few 
examples are known of anti-Stokes behaviour when the fluorescent 
radiation has a higher energy than the absorbed radiation. C.V. 
Raman observed this behaviour with substances such as carbon 
tetrachloride, benzene, when illuminated by radiation of 
wavelength 4500 A, which is not supposed to be absorbed, but 
scattered by molecules of carbon tetrachloride and benzene. 


[I] Resonance Fluorescence 


An interesting case is known in which the atoms do not possess 
vibrational energy, they then exhibit what is known as resonance 
fluorescence, i.e., the fluorescent light has the same frequency as 
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that of the incident radiation. For example, if mercury vapour with 
atoms in the normal ('S,) state is exposed to ultraviolet light it will 
absorb resonance radiation of wavelength 2537 A, and is converted 
into the excited state, i.e., 3P.. 
Hg(1So) + hv ——> Hg*(P}) 
Hg” ?P;) ——> Hg(1Sp) + hv 

If the pressure of the vapour is low, the collisions are not too 
frequent and the electrons in the excited atom will return to its 
normal level and emit the same radiation 2537 A in a very short 
interval of time varying from 10” to 10° sec. 

The reason for the above fact may be understood from figure 
(4) which shows a number of vibrational levels in each of the two 
electronic states of the molecule. Before absorption of light, most 
of the molecules are in their lowest (V = 0) vibrational level in the 
ground state, i.e., Sọ. Upon absorption of radiation, the molecules 
will occupy several of the vibrational levels of the excited electronic 
state as shown in the figure. During the 10° sec life of the excited 
state i.e.,S,, some of the vibrational energy may be lost by 
collisions with other molecules, especially in solutions. When 
excess energy is emitted, transition will occur to various vibrational 
levels of the ground state. In several cases, the energy of the 
fluorescent radiation will be less and so its wavelength will be 


greater than that of the exciting radiation. 
Excited singlet state (S4) 
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Fig. 4. Energy diagram for fluorescence. 
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[II] Sensitized Fluorescence 


There are many substances which are non-fluorescent. But, 
when they are mixed with a fluorescent substance, they begin to 
exhibit fluorescence, when exposed to radiations. This phenomenon 
is known as sensitized fluorescence. For example, thallium is non- 
fluorescent. But, when it is mixed with Hg vapours and exposed to 
radiations of wavelength 2537A, thallium shows fluorescence. This 
is explained as follows : 

Step1: Hg + hv —— Hg" 
(Normal) (Absorbed radiation) (Excited) 


Step 2: Hg + Tl ——~> Hg + Tř 
(Excited) (Normal) (Normal) (Excited) 


Step3: Tl —— T + hv 
(Emitted radiation) 


[III] Examples of Fluorescence 


Fluorescence is exhibited by many substances. Among them are 
fluorite, CaF, (the name fluorescence originates from it), uranium 
glass, petroleum, solutions of dyestuffs as eosin, fluorescein, 
quinine sulphate, chlorophyll, vapours of sodium, iodine and 
acetone etc. Even simpler organic compounds as hydrocarbons 
(paraffins and olefines) have been found to fluoresce in ultraviolet 
region. Acetone absorbs 2700 A corrsponding to C=O group and 
emits blue fluorescence and similar is the case with aldehydes and 
other ketones. 

Among inorganic substances there are only few instances such 
as uranium compounds and rare earths which show fluorescence. 
Fluorescence which is very marked with nitrogen peroxide in blue 
light (4920 to 4550A) becomes much weaker in violet light (4550 to 
3650A) and practically vanishes at or beyond 3650 A. When leaves 
are strongly illuminated in presence of oxygen, they emit 
fluorescent light with an intensity that changes with time of 
irradiation. The explanation of this has been given. According to 
Franck, Wood, during dark periods, the chlorophyll absorbs plant 
acids. On illumination, these plant acids use the energy absorbed 
by chlorophyll either for photosynthesis or for photo-oxidation. 


[IV] Quenching of Fluorescence 


When a photochemically excited atom has a chance to undergo 
collision with another atom or molecule before it fluoresces the 
intensity of fluorescent radiation may be diminished or stopped. 
This process is known as quenching of fluorescence. The 
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fluorescence of gases and vapour is usually quenched when the 
total gas pressure exceeds a few millimeters of mercury, at which 
the pressure collisions between the excited molecules and other 
take place at time intervals shorter than 10° sec. The quenching 
may be caused by a foreign gas different from the fluorescing gas. 
Transfer of energy is facilitated when both types of molecules have 
the same energy level because of resonance. Inert gases, 
N, H, and O, act as quenchers. The thiocyanate, iodide, bromide 
and the chloride ions possess a marked quenching effect. The 
fluorescence of molecules may sometimes be quenched by the 
foreign molecules including dissociation on collision with the 
excited molecule. The quenching action of helium on the 
fluorescence of iodine is of this kind. Quenching of fluorescence 
occurs appreciably in a liquid medium because the collisions are 
frequent. 


[V] Applications of Fluorescence 


Fluorescence had found many applications of practical and 
industrial uses. Some of the applications are : 

(1) In fluorescent tubes : In this, use is made of the fact that 
many inorganic solids also fluoresce. The modern tubular lights in 
which a mercury arc gives a large proportion of ultraviolet light is 
made in the tube coated internally with fluorescent salts giving 
visible light, with a distribution of intensity not far different from 
daylight. 

(2) In fluorescent dyes and paints : Different types of dyes, 
paints and glasses exhibit characteristic fluorescent colours which 
make the substances nice to look at. The fluorescence of eye lens 
is excited by rays between 2500 A and 4000 A. 


(3) In use of fluorescent microscope : It has been developed 
for biological purposes and it is based on the principle that almost 
all organic substances can be stimulated by visible or ultraviolet 
light. 

(4) In television : It is based on the phenomenon of 
photoelectric effect. The cathode stream has to be made visible in 
cathode ray tube. This can be done by addition ZnS to which a little 
Ni is added to cut off the phosphorescence, otherwise the picture 
would be blurred. 

(5) In analysis : The characteristic fluorescence of various 
substances when exposed to ultra-violet light provides a means of 
analysis. The intensity of fluorescence has been used for 
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quantitative analysis. Concentration of riboflavin (Vit. B,) in 
chloroform has been examined by this method. Again fluorescence 
produced by X-rays falling on a screen of barium platinocyanide or 
other material is the principle of the fluoroscope used in X-ray 
diagnosis. 

(6) In industry : Many substances by absorption of ultra-violet 
light exhibited fluorescent colours, a property which was made the 
basis of testing and identifying the materials. In rubber industry, 
ultra-violet rays might be used for checking the purities of ZnO, 
lithopone, oils, accelerators etc, and for the detection of errors in 
mixings due to mistakes in the incorporation of the ingredients. 

Problem 8 Write an explanatory note on 
phosphorescence. (Meerut 2007, 05) 

When a substance especially solid is irradiated by light, it 
begins to emit light, and when the light is shut off, the emission 
continues. The time interval for this emission may be from 107 
second to hours or even days. This phenomenon is known as 
phosphorescence. 

Phosphorescence is derived from phosphorous which 
glows in the dark, although it is not strictly phosphorescent. 
In fact, phosphorescence is best looked upon as slow 
fluorescence or phosphorescence of long duration. 


[I] Characteristics of Phosphorescence 


Some characteristics of phosphorescence are as follows : 

(i) This phenomenon occurs even after the incident light is shut 
off. 

(ii) This phenomenon is caused mainly by the ultraviolet and 
violet parts of the spectrum. 

Gii) The time for which light is emitted from phosphorescent 
substances depends upon the nature of substance and sometimes 
on temperature changes. 

(iv) Different colours may be obtained by mixing different 
phosphorescent substances. 

(v) Phosphorescence is exhibited mainly by solids. 

(vi) The magnetic and dielectric properties of phosphorescent 
substances are different before and after illumination. 


[lI] Mechanism of Phosphorescence 


Phosphorescence is caused by UV and visible parts of spectrum. 
When an incident light falls on a phosphorescent substance, its 
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Ground singlet state (Sọ) 
Fig. 5. Energy diagram for phosphorescence. 

molecules absorb energy Av and get excited from Sọ state to S, state 

(Fig. 5). These excited molecules can return to Sọ state but through 

the following transitions : 

(1) Sı to Ty): The excited molecule returns directly to ground 
state. Under such condition, fluorescence takes place. 

(2) S,to T; : Under certain conditions, it is also possible that 
excited molecules may return to lower excited state through inter 
system crossing (ISC) which is non-radiative. 

(3) T, to Sy : The chances of returning of the molecules from 
Tı to So are very poor. Hence, the molecules stay in T} state for 
longer time. This stay is called time lag. The molecules which 
succeed in passing back to Sọ emit radiations and thus 
phosphorescence occurs. This emission of radiation, i.e., 
phosphorescence, will take place very slowly and, hence, persists 
for some time. The frequency of phosphorescent light will be lower 
than that of incident light. So, we can say that there is no essential 
difference between phosphorescence and fluorescence, except that 
phosphorescence is a delayed type of fluorescence. This mechanism 
of phosphorescence has been confirmed by ESR spectroscopy. 


[IlI] Examples of Phosphorescence 


It is mostly observed in case of solids. In phosphorescence, the 
emission can only occur when the energy is taken from the 
surrounding medium according to Perrin. This leads to a delay in 
the electron jump by the action of the medium, which tries to keep 
the electron fixed in their neighbourhood in some sort of loose 
binding and this bond breaks with ‘the help of thermal energy of 
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the medium. The electron then returns with the accompaniment of 
phosphorescence and that is why phosphorescence does not occur 
in the gaseous state or in liquids. However, short after glow has 
been observed in denser medium, it has been seen to increase with 
the increase in the viscosity of the medium. These facts are 
confirmed further that lowering of temperature, as in the case of 
freezing of liquids, is helpful in producing phosphorescence. 
However, excessive cooling slows down the emission and at liquid 
air temperature, the emission may be completely cut off. 

Phosphorescence is observed in solids because of greater 
difficulty in motion. It is found that if fluorescent substances are 
mixed by fusion with boric acid and are cooled, the masses which 
are formed then phosphoresce. The most common examples are of 
alkaline earth sulphides in which an addition of a trace of heavy 
metal enhances the phosphorescence. 

Problem 9. Mention the factors which affect fluorescence 
and phosphorescence. 

The various factors which affect fluorescence and 
phosphorescence are as follows : 

G) All molecules cannot exhibit fluorescence and 
phosphorescence. Only those molecules exhibit these phenomena 
which are able to absorb ultraviolet or visible radiations. In 
general, the greater the absorbancy of a molecule, the more intense 
is its luminescence. On this basis, we can say that molecules having 
conjugated double bond (z-bonds) are particularly suitable for this 
study. Aliphatic and saturated cyclic organic compounds are not, 
however, suitable. 

Gi) Substituents often show a marked influence on fluorescence 
and phosphorescence of molecules. Though there are no rigid rules, 
but some generalities are as follows. 

(a) Electron withdrawing groups like — COOH, —-NO,, 

— N =N— and halides decrease or even destroy 
fluorescence. 


(b) Electron-donating groups like —-NH, and —OH often 


wm 


increase fluorescence. Groups like —SO3H, NHj and alkyl 
groups do not have much effect on fluorescence and 
phosphorescence. 
If a high atomic number atom is added to a n-electron 
system, it decreases fluorescence but increases 
phosphorescence. 


(c 


~ 
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Gii) The pH also has a marked influence on the fluorescence of 
compounds, e.g., a neutral or alkaline solution of aniline shows 
fluorescence in the visible region. However, in acidic solution, the 
visible fluorescence disappears. Aniline, however, shows 
fluorescence in UV region regardless of pH. 

Problem 10. Mention the similarities and dissimilarities 
between fluorescence and phosphorescence. 


[I] Similarities 


(i) Both these phenomena are caused by UV and visible parts 
of the spectrum. 

(ii) These are regarded as the secondary processes resulting 
from the primary process of absorption of a quantum of light (UV 
and visible) by an atom or molecule. 

(iii) Both these phenomena are considerably affected by the 
substituents in molecule. Generally, electron-donating groups 
enhances and electron-withdrawing groups destroy the 
phosphorescence and fluorescence. 


[il] Dissimiiarities 


S. 
No. 


| OSE 
1. It is shown by gases, liquids and|It is exhibited mainly by solids. 
solids. No fluorescence will be 
observed in gases unless the 
pressure is low. 


Fluorescence 


Phosphorescence 


2: It is instantaneous and starts|Substances showing 
within 10` to 1074 second of|phosphorescence re-emit excess 
absorption of UV or visible light. [radiation within 10 to 20 sec or 
It stops as soon as incident light!longer after the incident light 
is cut off. Thus, life-time of{absorption. Thus, life-time of 
fluorescence is very short. phosphorescence is much longer 
than fluorescence. It does not 
stop as soon as the incident light 
is cut off. 


3. The extent vf fluorescence|The time for which the radiation 
depends upon the nature of the|is emitted from phosphorescent 
solvent and the presence of|substance depends upon the 
certain anions in solution. So,/nature of substance and 
thiocyanate, bromide and iodide|sometimes on the temperature 
anions show a marked|changes. 

quenching effect. 
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4. Fluorimetry is comparatively |Phosphorescence is more 
simple and finds widericomplicated experimentally 
applications. than fluorescence and, therefore, 


phosphorimetry finds limited 
applications. 


5. Fluorimetry is less sensitive|Phosphorimetry is more 
than phosphorimetry. sensitive than fluorimetry. 


6. Scattering problems are more/Scattering problems do not exist 
severe in fluorimetry. in phosphorimetry. 


7. Quantum efficiency (6) in!The quantum efficiency much 
fluorescence is the ratio of the}more for phosphorescence than 
number of photons of|for fluorescence. The reason for 
luminescent radiation to the/this is that phosphorimetric 
number of photons absorbed|determinations are carried out 
from the stimulating light upon|at 77K whereas the fluorimetric 
a fixed wavelength of the latter.|determinations are carried out 
The ọ of fluorescence increases|at about 300K. One more 
proportionally to the wavelength| advantage for the low 
of absorbed radiation. After/temperatures (i.e. 77K) in 
reaching maximum, the ¢ drops|/phosphorimetry is that the 
rapidly to zero upon furtheriquenching does not pose a 


increase in A serious problem as in 
In fluorimetry, the quenching jfluorimetry. 
poses some serious problems. 

NUMERICAL PROBLEMS 


Problem 1. Calculate the transmittance, absorbance and 
absorption coefficient of a solution which absorbs 90% of a 
certain wavelength of light beam passed through a 1 cm cell 
containing 0.25M solution. 


Sol. It is given that 
Iabs = 0.90 Io; x=10em;c=0.25M 
I; = Io — Iabs = Io - 0.90 Ip = 0.10 Io 


-. Transmittance, 


Absorbance, 


E I. lo, 1 
ASE ea T =log 5751 


Applying Beer’s law, we have 
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I 
Le., log 0.10 = - £’ x 0.25 x 1 
or -1 =- g x 0.25 
or g’ =0.4 L mol`! em™! 


Problem 2. A certain substance in a cell of length I 
absorbs 10% of the incident light. What fraction of the 
incident light will be absorbed in a cell which is five times 
long? 

Sol. In the first case, Z bs = 0.10 Ip so that I, = 0.90 Io 


or =~ = 0.90 
log =-k'l, ie, log0.90=-k1 


or k= 


In the second case, x = 5/ so that 
0.0458 


I 
log 7 =-k x5l=- z X5 =- 0.2290 
(0) 


| Pe 
or log L 1.7710 
0 


I 
ie., i, =0.5902 or J,=0.5902 Io 


bs — Ip Jü L =Io m 0.5902 Io aa 0.4098 Io 
= 40.98% of Ig 
Problem 3. In the photochemical decomposition 
(photolysis) 2HI —> H, +I, with light at à =253.7 nm, 


absorption of 3070 J of energy decomposed 1.30 x 10° mol HI. 
What is the quantum yield, © of the reaction? 

Sol. The energy of the 253.7 nm quantum is Æ = hv 
= (6.63 x 10%% Js) (3.00 x 10°m s7*)/(253.7 x 10 ° m) = 7.83 x 10`”J. 
The HI has absorbed N = 3070/7.83 x 10°” = 3.92 x 10°! quanta or 
3.92 x 1016.02 x 10” = 6.51 x 10° einstein. The quantum yield, 


No. of moles reacted  _ 1.30 x 102 
— No. of Einsteins absorbed ` 6.51 x 1073 


I 


a 


= 1.99 = 2.0 


® 
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Problem 4. Radiation of wavelength 2500A was passed 
through 10 mL oxalic acid solution taken in a cell. The 
concentration of oxalic acid decreased from 0.05 to 0.04 
molar due to the absorption of 803 radiant energy. Calculate 
the quantum efficiency for the photochemical decomposition 
of oxalic acid at 25004. 


Sol. Energy associated with 2500Å radiation 


11.97 x 10° 

m=  *7 

Energy of radiation = 80 J = 0.08 kJ 
Number of einsteins absorbed during experiment 
_ 0.08 x 2500 
11.97 x 10° 

Decrease in concentration of oxalic acid 
= 0.05-0.04 = 0.01mol L~? 


10 x 0.01 
=— i000 = 0.0001 mole 


Number of moles decomposed 
Absorbed number of einsteins 


0.0001 
= 9.000167 ~ 2-598. 

Problem 5. Hydrogen iodide decomposes when irradiated 
with radiation of wavelength 2820A, the quantum efficiency 
being 2. Calculate the number of millimoles of HI 
undergoing decomposition with each erg of energy absorbed. 

Sol. Energy per quantum associated with radiation of 
wavelength 2820A 


= 0.000167 


Quantum efficiency, 6 = 


=hv= "8 


(6.626 x 1077 erg s) (8 x 101? cm s} 
2820 x 108 cm 


Number of quanta per erg of this radiation 

T 2820 x 10° cm 

~ (6.626 x 102” erg's) (3 x 10° cm s7’) 
Quantum efficiency, 


No. of quanta of energy absorbed 
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_ No. of molecules reacting 

i 141.9 x 10° 

No. of molecules reacting = 2 x 141.9 x 10° 

2 x 141.9 x 10° 
6.023 x 1074 

No. of millimoles reacting = 47.1 x 10714 x 10° = 47.1 x 10711. 


or 2 


No. of moles reacting = = 47.1 x 10714 


Problem 6. For a photochemical reaction, A—— B, 


1x105 moler of B was formed on absorption of 6.62 x 10” erg 
at 3600A. Calculate the quantum efficiency. 
Sol. Number of molecules reacting 


= 1 x 10% x 6.023 x 107? = 6.023 x 1018 


Total energy absorbed 
Energy of one quantum 


No. of quanta absorbed = 


6.62 x 10’ erg 6.62x10’ 6.62x107A 
E hv “T he ke 
a 
_ 6.62 x 10! x 3600 x 10` 
6.62 x 1027 x 3 x 107° 


No. of molecules reacting 
No. of quanta absorbed 


=1,2x 1019 


Quantum efficiency = 


_ 6.023 x 101° 
1.2 x 10/9 


Problem 7. The quantum yield of the reaction 
Ho(g) + Clag) —> 2HC\(g) 


is 1x 10° with a wavelength 480 nm. Calculate the number 
of moles of HC\(g) produced per joule of radiant energy 
absorbed. 
Sol. Energy absorbed per mole 
_ Nhe 
Bee: 
_ 1.196 x 10° 
— ) (in em) 
_ 1.196 x 10°. 


= EA joule mole? 
x 


= 0.5016 


erg mole? 
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1.196 x 108 
E=- Buan 
4800 x 10 x 10 


Now. ‘= No. of moles reacted 
; ~ No. of einsteins absorbed 


Number of moles reacted = 0 x No. of einsteins absorbed 
No. of moles of HCl] formed = 2x No. of moles of Hg or Clo 


reacted 


= 2.492 x 10° J mole”! 


= 2 x x No. of einsteins absorbed 


=2x1x10°x —--+_, 
2.492 x 10 


= 8.02 moles 


EXERCISE 
[I] Short Answer Type Questions 


1. Write a short note on Stark-Einstein’s law of photochemical 


equivalence. (Meerut 2007, 06) 
[For answer, please see problem 2] 
2. Mention Jablonski diagram. (Meerut 2005) 


[For answer, please see problem 5} 


3. Mention the reasons for low and high quantum yields. 
(Meerut 2007, 06) 
{For answer, please see problem 3] 


4. Describe the differences between photochemical and thermal 


reactions. 
[For answer, please see problem 1] 

5. Explan the term fluorescence. (Meerut 2007) 
[For answer, please see problem 7] 

6. Explain the term phosphorescence. (Meerut 2007) 


[For answer, please see problem 8] 
7. Write a short note on photosensitization. 
[For answer, please see problem 6] 
8. What are singlet and triplet states ? 
[For answer, please see problem 4] 
9. Mention the characteristics of singlet and triplet states. 
[For answer, please see problem 4} 
10. Mention the differences between fluorescence and phosphorescence. 
[For answer, please see problem 10] 
11. Explain the factors which affect fluorescence. 
[For answer, please see problem 9] 
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12. Calculate the energy of an einstein of radiation of wave length 253.7 
nm. {Ans. 471.9 kJ! 
[For answer, please see numerical problem 2] 


[il] Very Short Answer Type Questions 


1. Define Beer’s law. (Meerut 2006) 
{For answer see problem 2] 
2. Define Lambert's law. (Meerut 2006) 


[For answer see problem 2] 
3. Define Einstein’s law of photochemical equivalence. 
(Meerut 2007, 06, 05) 
[For answer see problem 2] 
4. Define inter-system crossing. 
[For answer see problem 5} 
5. What is internal conversion ? 
[For answer see problem 5] 
6. Define an einstein. 
[For answer see problem 2] 
7. Mention a reaction in which the quantum yield is high and low. 
[For answer see problem 3] 
8. What are photochemical reactions ? 
[For answer see problem 1] 


Qad 


l 
== PHYSICAL PROPERTIES 


Z MOLECULAR STRUCTURE 


Optical activity, polarisation, Clausius-Mosotti equation, orientation of 
dipoles in an electric field, dipole moment, induced dipole moment, 
measurement of dipole moment—temperature method and refractivity 
method, dipole moment and structure of molecules, magnetic properties of 
substances, paramagnetism, diamagnetism and ferromagnetics. 
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PROBLEMS 


Problem 1. Explain the terms, plane of polarisation, 
optically active substance and optical activity. How is angle 
of rotation determined? Explain how optical activity is used 
to decide the constitution of a compound ? (Meerut 2006, 05) 
[I] Plane of Polarisation, Optically Active Substance 

and Optical Activity 


Ordinary light consists of rays of different wavelengths 
vibrating in all directions perpendicular to the direction of 
propagation. If the vibrations are by any means restricted to one 
plane only, it is called plane polarized light and the plane along 
which vibrations are taking place is known as plane of 
polarization. The device that brings about polarization of light is 
called a polariser. When an ordinary ray of light is passed through 
a nicol prism the emerging rays vibrate only in one plane. Some 
substances possess a special property by virtue of which they are 
capable of rotating the plane of polarised light. So, those substances 
which can rotate the plane of polarised light are said to be optically 
active substances and this property is called optical activity. 


k Plane rotated 
to the left 


Propagation of a 


light wave 
Ordinary Plane 
beam of polarised 
light light 
Plane rotated 
to the right 
Fig. 1. 


[li] Optical Rotation, Specific Rotation and its Determination 


The optical rotation of the plane of polarised light produced by 
a solution is determined by means of a polarimeter. It depends on: 


(i) Amount of the substance in the tube 
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(ii) Length of the solution to be examined 

(iii) Temperature of the experiment 

(iv) Wavelength of light used. 

The optical rotation o« (in degrees) is given by the equation, 


a = [all (m/V) 

where / is the length of the column in decimetres through which 
the light passes, m is the mass of the optically active substance in 
grams occupying a volume of V ml and [a]} is a constant which 
depends upon the nature of the substance, temperature (t) and 
wavelength (A) of the light and is called the specific rotation of 
the substance. It is characteristic of a substance under given 
conditions of temperature and wavelength of light used. As D-light 
of sodium flame is generally used, the specific rotation may be 
expressed as : 


Specific rotation is defined as, “the angle of rotation of the 
plane of polarised light by a liquid, which in a volume of 1 ml 
contains 1 gram of the active substance when the length of the 
column through which the light passes is one decimetre.” 

If the active substance is used as such then we have 

fol = T Ce Vim = 1p) 
where p is the density of the substance. 

If the substance is in solution, the concentration must be taken 
into account and the equation may be put as, 


1000 
le 
where c is the number of grams of the substance in 100 ml of the 
solution. 
The specific rotation of sucrose solution at 20°, using sodium 
light, is + 66.5° which can be represented as : 


[a]? = + 66.5° 


The sign attached with the angle of rotation signifies the 
direction of rotation. Negative sign (—) shows that the rotation is 
towards the left, while positive sign (+) shows that the rotation is 
towards the right. 


lalh = 
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[Ii] Measurement of rotatory power 


The instrument used for measuring the angle of rotation of 
plane of polarised light is called polarimeter (figure 2). It consists 
of two Nicol prisms mounted on the axis of the instrument. The 
first prism called polariser is fixed and the other called analyser 
can be rotated about the axis of the instrument. A tube containing 
an optically active liquid or a solution of an optically active 
substance is placed in the path of light between the two Nicols. The 
length of the tube is definite varying from 5 cm to 25 cm. 


Ordinary Polariser § Polarised 
light 


Rotated plane E 


Tube for solution 


Analyser 
Source 
of light 


Ordinary 
Light Polariser 


eGo iF 


Light 
source 


Sample 
Rotated 


Polarised 
light 


Analyser 


Fig. 2. Polarimeter 


A beam of monochromatic light usually sodium light is passed 
through the polarimeter without the tube containing the liquid. 
The light gets polarised by the first Nicol and then falls on the 
second which. is gradually rotated so as to cut out the light 
completely. The reading on the scale is noted. It corresponds to zero 


reading. 
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The tube containing the liquid is then inserted. On looking 
through the polarimeter, the field will appear bright, as the 
optically active substance has rotated the plane of polarised light 
through a certain angle. The analyser is turned towards the right 
or left as may be required so as to get the complete darkness again. 
The reading of the scale is noted. The difference between this and 
the first reading gives the required angle of rotation. 


[IV] Optical Isomerism 

Many organic compounds having similar chemical and physical 
properties behave differently towards polarised light and rotate the 
plane of polarisation towards right, left or cause no optical activity. 
When the same compound behaves differently towards polarised 
light, it is said to exhibit optical isomerism and different forms are 
known as optical isomers. 

(i) Isomer which is capable of rotating the plane of polarised 
light towards right (clockwise) is said to be dextro-rotatory 
or d-form. 

(ii) Isomer which is capable of rotating the plane of polarized 
light towards left (anti-clockwise) is called laevo rotatory or 
L-form. 

Gii) Isomer which does not rotate the plane of polarized light at 
all is called optically inactive (meso, racemic or dl-form). 

Several organic compounds, e.g., lactic acid, malic acid, glucose 

etc. show optical isomerism. Pasteur (1836) started his work on 
tartaric acid and made the following observations : 

(i) The tartaric acid obtained from grape juice was optically 
active and is dextro-rotatory. 

(ii) The same acid when recovered from mother liquor left after 
the purification of tartaric acid was inactive, i.e., racemic 
tartaric acid. 

He prepared sodium ammonium salts of both the above acids. 

He observed crystals of d-tartaric acid were all alike and possessed 
hemihedral facets, while crystals of racemic tartaric acid had two 
types of crystals, one having facets towards right like d-form. Other 
type of crystals are mirror image of first, i.e., having facets towards 
left. He separated two kinds of crystals obtained from racemic 
tartaric acid by hand picking. He dissolved them in water 
separately and observed their rotations. 
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[V] Explanation of Optical Activity 


The explanation of optical activity was put forward 
simultaneously but independently by van’t Hoff and Le Bel in 1874. 
According to them, the four valencies of carbon are directed 
towards the four corners of a regular tetrahedron, at the centre of 
which carbon atom is situated. If there are four different atoms or 
groups, a, b, c and d attached to four corners of a tetrahedron, then 
two different arrangements are possible. These two arrangements 
are not superimposable and bear the mirror image relationship. 

A carbon atom which is attached to four different atoms or 
groups is called an asymmetric carbon atom and the molecule 
containing it is called on asymmetric molecule. A molecule is 
symmetrical if it possesses a plane of symmetry. A plane of 
symmetry is one which divides a molecule into two halves in such 
a way that one half is the mirror image of the other or if a line from 
any atom or group on one side of the plane is drawn perpendicular 
to the plane and extended to an equal distance on the other side 
meets a similar atom or group at its end. 


Consider a carbon atom having four different groups or atoms 
a,b,c and d attached to its valencies at the four corners of the 


a a 
c c 
a a 


oo PA a ge 
(i) Clockwise arrangement (ii) Anticlockwise arrangement 
of groups a, b,c, d of groups a, b, c, d 


Fig. 3. 


PHYSICAL PROPERTIES AND MOLECULAR STRUCTURE 109 


regular tetrahedron. Two arrangements are possible which are 
related to one another as an object to its mirror image. They will 
not be super-imposable upon each other. The arrangement of 
groups is different in figures 3 (i) and (ii). If for example, one has 
to go from a to d through b and c, one will have to go in clockwise 
direction in form (i) and in anti-clockwise direction in form (ii). On 
super-imposing structures (i) and (ii), groups a, c and b will overlap 
each other but group d from each of the forms will go on opposite 
sides. So, the two models show two isomeric spatial arrangements 
or different configurations. The compounds represented by forms 
(i) and (ii) are called enantiomers or enantiomorphs (Greek : 
enantio = opposite; morph = form). Thus, optical isomerism is also 
referred to as enantiomerism. It is true that generally compounds 
containing one or more asymmetric carbon atoms exhibit 
enantiomerism. 

Optical isomerism shown by lactic acid disappears as soon as 
the molecule becomes symmetrical, i.e., when converted into 
propionic acid. This clearly indicates that the molecule as a whole 
shceuld be asymmetric. Hence, it is quite evident that the presence 
of asymmetric carbon atom is not sufficient to make a molecule 
optically active. So, optically activity shows the presence of an 
asymmetric carbon atom in a molecule. 


CH; CH; 
COOH COOH 
Lactic acid Propionic acid 
(Asymmetric, as a whole (Not asymmetric, as a 
optically active) whole optically inactive) 


NUMERICAL PROBLEMS 


Problem 1. A solution of an organic solute placed in a 20 
cm polarimeter tube, produces a rotation of + 38.73°. The 
same tube containing pure solvent only has a rotation o 
+ 1.46°. If the specific rotation of the solute is 62.12°, what is 
the concentration of the solute in the solution? 

Sol. a = (38.73° — 1.46) = 37.27° 


[al = 62.12, l = 20 cm = 2 dm 


100 a 
le 


We know, [oly = 
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_ 100 x 37.27 

~ 62.12x2 
Problem 2. 1 g of an organic substance when dissolved in 
50 ml of water and placed in a 2 decimetre polarimeter tube 
produces a rotation of +2.676°. The rotation produced by 
distilled water in the same tube was + 0.016°. Calculate the 
specific rotation of the substance. 
Sol. Concentration of solution = 1 gin 50 ml = 2 gin 100 ml 


[al = pees — 0.016°) = 2.660° 


= 380 g per 100 ml 


Problem 2. (i) What are polar and non-polar melecules ? 
(ii) What is dipole moment and mention its unit? (Meerut 2007) 


[I] Polar and Non-Polar Molecules 


A molecule is composed of positively charged nuclei and 
negatively charged electrons in such a way that the molecule as a 
whole remains electrically neutral. The arrangement of these 
charged particles is different for different molecules. There are two 
possibilities: 

(i) When the centre of gravity of the positive charges in a 
molecule is exactly at the same point as that of the negatively 
charged electrons, it is called a non-polar molecule, e.g., 
Hg, Cla, CO2, CHy, CgHg etc. Sa ag 

Gi) When the centre of gravity of 
electrons does not coincide with that of © 2 
positive nuclei, the molecule is called a 
polar molecule, e.g., H0, NH3, CHCl, PEE I s 
etc. The molecule as a whole is neutral, so oe 4. nn 

i y i 

we have equal positive (+q) and negative s “hond leoth. oes 
(-q) charges separated by a certain 

distance (/) in a polar molecule. So, a polar molecule behaves like 
a small magnet and becomes dipolar. Therefore, it is called an 
electric dipole or simply a dipole (two poles). Sidgwick proposed 
that a dipole may be shown by an arrow with a crossed tail. The 
arrow (—) is placed parallel to the line of positive and negative 
charges and should be from positive end to negative end of the 
dipole, as shown in HCI molecule Fig. (4). 

It can also be concluded that non-polar molecules do not have 
permanent dipoles, while polar molecules have permanent dipoles. 


PHYSICAL PROPERTIES AND MOLECULAR STRUCTURE 111 


[i] Dipole Moment 

The degree of polarity of a molecule can be expressed in terms 
of dipole moment. It is defined as, “the product of the magnitude 
of the charge (positive or negative) and distance between 
them (bond length)”. If q is the charge at each end of the molecule 
and / is the distance between the positive and negative ends, the 
dipole moment (ji is given by, 

W=qxl 

In a non-polar molecule, the distance / is zero as centres of 
gravity of positive and negative charges coincide, hence dipole 
moment is zero. 

The dipole moment has a direction as well as a magnitude, 
i.e., it is a vector quantity. It is frequently p— 
convenient to represent a dipole moment by D 
an arrow showing the direction from the 
positive to the negative charge and the | j f 
length of arrow represents-the magnitude of _' ; 
dipole moment. Dipole moments being 
vectorial quantities, may be added 
vectorially. 

The dipole moment arises due to the difference in the 
electronegativities of the two atoms held together by a chemical 
bond. In case of two or more bonds in a molecule, the net dipole 
moment will be the vector addition of dipole moments of chemical 
bonds. Each chemical bond has a definite dipole moment. The 
magnitude of dipole moment in a polar molecule depends on the 
difference in the electronegativities. The greater the difference in 
electronegativities, the greater is the dipole moment. Greater the 
dipole moment, greater is the degree of polarity of polar covalent 
bond between the two atoms. 


Fig. 5. Representation 
of dipole moment 


[tll] Unit of Dipole Moment 

We know that, 

Dipole moment (u) = Electronic charge (q) x Bond length (/) 

The charge is expressed in electrostatic unit (esu) and bond 
length in angstrom unit (1 Å = 10° cm). If an electron (charge 
=4.8x 107 esu), is assumed to be placed at a distance of 
1 Å (= 10% cm), from an equal positive charge, then dipole moment 
(u) of such a molecule is given by, 


u =(4.8 x 10710 esu) x (10° cm) = 4.8 x 107)? esu-cm 
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The quantity 10`"? esu-cm is called one debye unit, denoted by 
D, i.e., 1D = 107" esu-cm. So, p=4.8 D. 
In S.I. system, the electronic charge, 
q = 1.602 x 10729 C and Z = 107° m, so, 
u = (1.602 x 1079 C) x (107? m) 
= 1.602 x 107° Cm = 4.8 D 
1 D =3.336 x 108° Cm 
Problem 3. Explain the following terms : 
(i) Electrical or distortion polarisation 
(ii) Induced dipole moment 
(iii) Polarisability 
(iv) Molar polarisation 
(v) Permanent dipole moment. (Meerut 2006) 


[I] Electrical or Distortion Polarisation 
Consider a non-polar molecule. When it is placed in an electric 
field between two charged poles, the latter will attract the electrons 
towards the positive pole, , 
while the positive nuclei is 


attracted towards the | a 
negative pole. Thus, the | SZ, ii 


= + ae 


positive and negative |i} I 

centres would no longer be | 

coincident [Figure 6(a)]. © e 
There will thus be an |i J I 
electrical distortion of the (a) (b) 
molecule to form an Fig. 6. 


electrical dipole. Such a 
distortion is termed distortion polarisation or electrical 
polarisation. 


[It] Induced Dipole Moment 


As soon as the electrical field as applied to a non-polar molecule 
is withdrawn, the distortion also disappears. The distortion 
polarisation thus produced is, therefore, an induced polarisation 
and the moment that the induced dipole would acquire during the 
application of the field is the induced dipole moment, p, 
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[tll] Polarisability 

The induced dipple moment (w) is directly proportional to the 

field strength, F. It is given by ` 

H=. F 
where the proportionality constant (a) is called the polarisability 
of the molecule. If F = 1, then a= p. 

So, the polarisability of the molecule is a measure of the 
moment induced by a unit field. 

On the basis of electromagnetic theory, Clausius and Mosotti 
deduced the following relation between polarisability (a) and the 
dielectric constant (D) of a medium between the charged plates. 

4 D-1 M 

g Neo D ov (1) 
where N is Avogadro’s number, M is molecular weight and p is the 
density of the substance. 


[IV] Molar Polarisation 


The right hand side of equation (1) is termed molar 
polarisation. In a non-polar molecule, the polarisation is all 
induced. So, the induced molar polarisation (P;) may be expressed 
as 


. (2) 


P; is the electrical distortion caused in one mole of a substance in 
a unit field. As N and a are independent of temperature, P; will 
also be independent of temperature. Moreover, D is a dimensionless 
number and so the polarisation will be expressed in units of 
volume. 


[V] Permanent Dipole Moment 


Each of the polar molecules has a positive and a negative end. 
In the absence of an electical field, the molecules would be 
randomly oriented in all directions due to thermal effect. However, 
when such molecules are placed in an electric field between two 
charged plates, there will arise two effects. Firstly, the usual 
distortion of the positive and negative charges would occur giving 
rise to induced polarisation. Secondly, the field would tend to orient 
all the molecules in the direction of the field. If the molecules were 
stationary, these would be oriented at 180° to the direction of the 
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field, the negative ends pointing towards the positive plate, as 
shown in figure 6.1 (b). This effect of the field on the molecules is 
called the orientation polarisation, P). 


The molar polarisation, which is measured from dielectric 


constant, D1 . = is the sum of two effects, viz., induced and 
orientation polarisations. The total molar polarisation is given by 
P,=P;+Po 
D-1 M 
and P,= D+2° p 
D-1 M 
Di2° p = P; + Po 
D-1 M 4 
or Di2'p z Na + Po ... (3) 


The molar orientation polarisation (P) of a substance having 
a dipole moment (u) was given by Debye and is expressed as 


A a 
Pom San d) (4) 


where k is Boltzmann’s constant. 

It is thus clear that in a non-polar molecule (p = 0), there is no 
orientation polarisation and moreover, the orientation polarisation 
is inversely proportional to temperature. Thus, from equations (3) 
and (4), we have 


Equation (5) is known as Debye equation. 

As the first term on the right hand side of equation (5) is a 
constant and ų is also constant for a given substance, equation (5) 
may be written as 


D-1 M b 
P, D12 p °'T .. (6) 
_4 _4 nN 2 
where a = Na and b=5 k u 


From equation (6), it is clear that the total molar polarisation 
varies linearly with 1/T. It can be verified by plotting P, against 
1/T for several substances, as shown in figure (7). Figure (7) shows 
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the linear plots for a gaseous non-polar 5 
molecule such as CH,(u=0) and a ew 
gaseous polar molecule such as HCl with oe 

u +0. For a non-polar molecule since oe” 


u=0, a plot of P,and 1/T should give a _sĻ7 
; i , *%\ | Non-polar molecules, y ~ 0 
straight line parallel to 1/T axis. — 


Problem 4. Mention the different VT ; 
methods for the determination of fig 7, Plot of P; versus 
dipole moment. (Meerut 2007, 06,05) 1/T for gaseous polar 

A number of methods are available for and non-polar 


determining the dipole moment. These are molecules. 


discussed as follows : 


(1) Temperature Method : By determining the dielectric 
constant directly, the total polarisation (P,) of a substance is 


obtained, M and p being determined separately. As seen from 
equation (6), we have 


P,=a+z 


If total polarisations P, and P, are determined at two 
temperatures T, and T,, respectively then 


EE. NLA 
piraty and PRATT. 


T 
b= Pi-Po ie | sa) 


The value of dipole moment, p is easily calculated from that of 
b, i.e., 


As k = 1.3807 x 10° erg K”, n = 3.14, N = 6.023 x 10”, we get 
u= ( 9 x 1.3807 x 107° b ) 
4 x 3.14 x 6.023 x 10% 
= 0.0128 x 10718 . V5 e.s.u.-cm. 


So, knowing b from equation (7), we can calculate the dipole 
moment easily. 
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(2) Ebert’s Method : Polar molecules in the gaseous state 
when subjected to an electric field will undergo both orientation 
and distortion polarisations. But when the same substance in the 
solid state is subjected to the same field, the orientation of 
molecules is not possible and only distortion polarisation will occur. 
Therefore, the total molar polarisation is given by 

P gas = P it P 0 
Peotid = Pi 


~. Orientation polarisation, Po = Pgas — Psolid 


2 
4 u 
or 3m ( }= Peas ~ Pavii 


4 | ORT 
or u= | 4nN (Peas — Peotia) | je (8) 


As all the values of equation (8) are known, we can calculate 
the value of dipole moment. 

(3) Dilute Solution Method : The Debye equation is 
applicable only to gaseous systems. In condensed systems (i.e., 
solids and liquids), strong intermolecular interactions exist, so 
Debye equation cannot be applied. However, if measurements are 
carried out on dilute solutions of a polar molecule in a non-polar 
solvent, such as CgHg, CCl, etc., Debye equation can be applied for 
determining u and a. The solute-solute and the solute-solvent 
interactions in dilute solutions can be eliminated by plotting molar 
polarisation (P,) against mole fractions of solute and extrapolating 
the data to zero concentration. 


Consider a dilute solution of a polar solute 2 in a non-polar 
solvent 1. The molar polarisation of the solution can be written as, 


D,2o-1 Ma 
Py gets 
di2 Dy,2+2 Pi,2 
where Ma =x; My + x2 M3. 


In the above equation, x, and x, are the mole fractions of the 
solvent and solute, respectively, M, is the average molar mass of 
the solute-solvent system; P; is the density and Dj» is the 
dielectric constant of the solution. Supposing that the molar 
polarisation is directly proportional to respective mole fractions, we 
can write, 


(Pi)1, 2 =%1 P1 + x2 Po = (1 - x2) P1 + x2P2 ... (9) 
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or (Pi)1, 2 = P1 + (P2 - P1) x2 
where P, and P, are the molar polarisations of solvent and solute, 
respectively. 


Since a non-polar solvent has only distortion polarisation, 
which is not greatly affected by interactions between molecules, we 
can assume that P, has the same value in solution as in the pure 


solvent. So, 
D,-1 M; 
1” D, P2 Py 
Po can be calculated from the re-arrangement of equation (9), i.e., 
_(@Pi1,2-Pi(i-x2)  (Pd1,2-Pixi 
S x2 p x2 


P2 


The values of P, obtained from the above equation vary with 
Xə presumably due to the solute-solute interactions. These 
interactions can be minimised by extrapolating the curve of P, 
against x, to zero concentration. Thus, P3, i.e., value of P, at 
infinite dilution can be obtained. If P,° is known at different 
temperatures, its plot against 1/T can give the value of dipole 
moment (u) of the solute. 

(4) Refractivity Method : The induced polarisation, P, is due 
to the distortion of the nuclei and electrons. On considering these 
two distortions separately, we may have 

P;=P,+P, 
where P, called the atomic polarisation is due to distortion of 
the nuclei and P, called the electronic polarisation, is due to the 
distortion of the electrons. So, the total polarisation, P, is given by 
P, = (Pa + Pe) + Po 
Maxwell showed that for the same electromagnetic wave, the 


dielectric constant (D) of the medium and the refractive index (n) 
is related by the expression, 


D=n?. 
So, the total polarisation 


. n’-1 M A i 
molar refraction 3 3 a It is, however, not strictly so 
n+ 


The refractive index is measured with visible radiation of 
higher frequency, whereas the value of D is measured with long 


D-1 M 
D2 p may be replaced by the 
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waves. The refractive index changes with wavelength. The Cauchy 
formula gives the correction for refractive index for lower 
frequency, as 
ae 

À 
where n is the refractive index at wavelength à and n, is the 
refractive index at very high wavelengths, a is a constant whose 
value may be determined from two measurements of n at known 
frequencies in the visible region. We shall thus replace D by n,. 

Moreover, in refraction only the electrons are affected by the 
radiation. Even when corrected for long waves, the refractive index 
gives the effect of the long waves on the electrons only and the 
nuclei remain unaffected. So, the molar polarisation given by 
ne -1 


; a gives only the electronic polarisation (P,), i.e., 


ne -2 
on-l M 
a n2 +2 p 
The total molar polarisation, 
D-1 M_ ng - 1 M 4nN 2 


P: 


Spa a at tse p ORT" ... (10) 


Equation (10) thus gives a method for determination of atomic 
polarisation, P,. Dipole moment may be obtained from any of the 
previous method and then if D and nê be separately measured, 
their substitution will give us the value of P,. 

It has been found that for a large number of organic molecules 
the atomic polarisation P, is relatively small as compared to the 
electronic polarisation, P,. The former is nearly 5% of the latter. 
On this basis. equation (10) may be written as. 


2 
D-1 M_ nal M 4N 2 
Digg R oer” 


. (11) 


Thus, the values of dielectric constant and refractive index 
would give us the value of dipole moment, p. 

Problem 5. Describe the different applications of dipole 
moment. (Meerut 2006, 05) 
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(1) In determining molecular structures of substances : 

(a) Monoatomic molecules, like those of rare gases, have no 
dipole moment and are non-polar. 

(b) Diatomic molecules may be either polar or non-polar. 
Molecules of gases like O,, N, etc. have u = 0, which indicates that 
the electron pairs bonding the constituent atoms exist at the same 
distance from the two atoms. But diatomic molecules of compounds 
have some dipole moment and so their structures are 
asymmetrical. 

(c) Triatomic molecules may also be either polar or non-polar. 
The dipole moment of carbon dioxide is zero. So, it is a non-polar 
molecule, even though the C—O bonds are polar, as the shared 
electrons lie closer to the oxygen atom than to the carbon atom. 
This shows that CO, molecule is linear, as only in this way the 
dipole moment on one side of the molecule is cancelled by that on 
the other side and the net dipole moment is zero. So, it has the 
structure O=C =O. Similarly, carbon disulphide (CS,) has a 


symmetrical linear structure, as its dipole moment is zero. It is 
non-polar and may be represented as S =C =S. 


Water on the other hand, has an appreciable dipole moment 
(u = 1.85D). Thus, water cannot be linear. The two hydrogen atoms 
in a water molecule do not lie linearly on the two sides of the oxygen 
atom like H—O—H. Therefore, it should have an unsymmetrical 
or bent structure as represented by (fig. 8a). The dipole moment 
of each O—H bond is 1.60D and the angle between these two bonds 
should be 109°6’ to have the dipole moment of the molecules as 
1.85D. (The dipole moment M of the molecule is given by, 
u = 2m cos 6/2, where m is the bond moment and 0 is the angle 
between the two bonds). The dipole moment for a single H—S bond 
is nearly 0.8D and so the angle between the two bonds in the 
molecule of H,S may be found to be 93°. Its structure is represented 
by figure 8b. 

(b) Tetratomic molecules of the type BA, may be polar or 
non-polar. If it is non-polar e.g., BCl, then all the atoms will lie in 
one plane and the angles between the different bonds are equal to 
one another as shown in figure 8c. The chlorine atoms will be 
situated at the corners of an equilateral triangle and boron atom 
will be situated at the point of intersection of the three medians. 
Ammonia molecule has u = 1.26D and its structure is as shown in 
figure 8d. It is assigned a triangular pyramidal structure in which 
nitrogen atom lies at the apex of the pyramid and the hydrogen 
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atoms lie at the three corners of the triangle, which forms the base 
of the pyramid. Molecules of PCl, or AsCl, also have triangular 
pyramidal structures, with P and As atoms at the apex. 


Cl N 
o S 
ek VN 
wa H H H Cl Ci H H 
(a) (b) (c) (dì) 
Fig. 8. 

(2) In distinguishing between cis and trans isomers : 
Dipole moment helps us in distinguishing between the cis and 
trans isomers of a compound. Consider for example, the case of 
maleic acid and fumaric acid. The cis form will have a dipole 


moment but in the trans form the effect produced in one half of the 
molecule is cancelled by that in the other half of the molecule. 


H—C—COOH cae iets 
H—C—COOH HOOC—C—H 
Maleic acid Fumaric acid 

(cis form) (trans form) 


(3) In calculating the ionic character of a bond : Dipole 
moment helps us in determining the ionic character of a covalent 
bond. It has been seen that the H —Cl bond is 17% ionic in nature. 

(4) In determining the polarity of a bond : Dipole moment 
gives us an indication of the polar character of a bund. The dipole 
moments of HF, HCl, HBr and HI are 1.92, 1.04, 0.78 and 0.83D, 
respectively. This shows that the polarity of the H—X bond 
decreases gradually as we move from fluorine to iodine (where, 
X =F, Cl, Br or I). 

(5) In getting information regarding aromatic 
substitution : Dipole moments of the ortho, meta and para 
derivatives of benzene give us valuable information. The angles 
between the two substituents say nitro are 60°, 120° and 180’, 
respectively for the three dinitro benzenes. If both the substituents 
are the same, the dipole moment of para derivative should be zero. 
Its value will be maximum for the ortho derivative, while the dipole 
moment for the meta derivative will lie between that of para 
derivative and ortho derivative. 

Problem 6. Define the terms:magnetic permeability and 
magnetic susceptibility of magnetic substances. (Meerut 2006) 
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The force F acting between two magnetic dipoles of pole 
strengths m, and m, separated by a distance r, is given by 
mm 
E ee a(i) 
Hor 


where pu is a constant characteristic of the medium and is called 
magnetic permeability of the medium. It measures the tendency 
of the magnetic lines of force to pass through the medium, 
compared with their tendency to pass through vacuum for which 
u=1. A substance is said to be diamagnetic when u<1 and 
paramagnetic when u> 1. So, a diamagnetic substance is less 
permeable to the magnetic lines of force than a vacuum. The 
magnetic lines of force deflect towards a paramagnetic substance, 
whereas they deflect away from a diamagnetic substance. 


Fig. 9. Magnetic lines of force showing the effect of diamagnetic and 
paramagnetic substance on the magnetic field. 
(a) Vacuum (b) Diamagnetic (c) Paramagnetic. 


The magnetic properties of matter are defined in terms of the 
magnetic field intensity vector, H and the magnetic induction or 
magnetic flux density, B. When a substance is placed in a magnetic 
field, the magnetic moment per unit volume, i.e., magnetization, 
M is related to B and H by the expression, 

B = u (H +M) .. (2) 
where u is the permeability of vacuum. 


Also, we have 

B=yuH ... (3) 
From equations (2) and (3), 

M =H [(u/u®) - 1 

=H (y,- 1) ... (4) 
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where i, = i which is known as relative permeability of the 
0 
medium. (lg = 47 x 1077 JC? m”! s?), 
Another term, magnetic subsceptibility, is defined as 
x = M/H =p,-1 


Magnetic susceptibility is a dimensionless quantity. The molar 
magnetic susceptibility, is defined as 


Xm = Vink 
where V, is the molar volume. 


Magnetic susceptibility and magnetic permeability are related 
to each other as 
-@-)) 
x= Anp 


where p is the desnity in g cm”. 


Problem 7. Explain the following magnetic properties : 

(i) Paramagnetism and paramagnetic substances 

(ii) Diamagnetism and diamagnetic substances 

(iii) Ferromagnetism and ferromagnetic substances. 

In 1845, Faraday made a very important discovery that 
magnetism was a property which affected all bodies. In his 
experimental researches he found that the magnetic properties 
were not confined to a few elements like iron, nickel, cobalt etc. but 
that all substances and all forms of matter possess magnetic 
properties to some degree. He divided all the substances into three 
different types, viz., ferromagnetic, paramagnetic and diamagnetic, 
according to their behaviour in a magnetic field. 


[I] Paramagnetism and Paramagnetic Substances 


Those substances which are attracted by magnets and when 
placed in a magnetic field move from weaker to stronger parts of 
the field are called paramagnetic substances. This phenomenon is 
known as paramagnetism. 

The susceptibility of a paramagnetic substance has a small 
positive value and is inversely proportional to the absolute 
temperature and thus obeys Curie’s law. If a paramagnetic 
substance is kept in a magnetic field, the lines of force tend to 
accummulate it, as shown in figure (9). 

Paramagnetic substances are much larger in number and 
consist of many metallic elements, some gases and most of the salts 
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and oxides of the elements belonging to different transitional 
series, i.e., from Sc (21) to Cu (29), from Y (39) to Pd (46) and the- 
rare-earths Ce (58) to Yb (70), and also the elements belonging to 
the Pt and U-families. 


[lI] Diamagnetism and Diamagnetic Substances 


Those substances which are repelled by magnets and when 
placed in a magnetic field move from stronger to weaker parts of 
the field are called diamagnetic substances. This phenomenon is 
known as diamagnetism. 

The magnetic susceptibility of such substances has a small 
value and the value does not change with temperature. If a 
diamagnetic substance is kept in a magnetic field, the lines of forces 
tend to move away from the substance fig. (9). All other substances 
which are not paramagnetic are diamagnetic, eg., 
Zn, Cd, Hg, Sb, Bi ete. 


[lll] Ferromagnetism and Ferromagnetic Substances 


Those substances which are attracted by the magnets and can 
also be magnetised are called ferromagnetic substances. This 
phenomenon is known as ferromagnetism. 

Ferromagnetic substances are rather few in number and 
consist of the three elements Fe, Co, Ni; most of their alloys having 
a sufficient concentration of the metals, some of their compounds, 
eg., the oxides and sulphides of iron, the Heussler alloys 
(composition : Al 70%, Mn 20%, Cu 10% approx); as also some 
compounds of.manganese and some ferrites of the type MeO, 
MeO, where Me is a metal of the iron group. Ferromagnetic 


substances show all the properties of paramagnetic substances to 
a much greater degree. The susceptibility has a positive value and 
the permeability is also very large. The susceptibility (IC) 
decreases as the temperature increases and obeys Curie’s law, 
: 1 
te, KOT, 
It is observed that as temperature is increased, the value of 
susceptibility drops suddenly at a particular temperature, known 
as Curie point or critical temperature. At Curie point, the 
substance becomes paramagnetic. Curie points for cobalt and 
nickel are 1100°C and 400°C, respectively. It is also seen that above 
the Curie point, the susceptibility of a ferromagnetic substance is 
proportional to the difference of temperatures between the material 
and Curie point. This is known as Curie-Weiss law. 
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Problem 8. How are magnetic substances classified ? 
Explain properties of these substances. (Meerut 2007) 
See problem 7. 


EXERCISE 


[I] Short Answer Type Questions 

1. Explain optical isomerism by taking suitable examples. 
[For answer, please see problem 1] 

2. Explain the phenomenon of optical activity. 
[For answer, please see problem 1] 

3. Explain the term polarisability. 
[For answer, please see problem 3] 

4. Derive Debye equation. 
[For answer, please see problem 3] 

5. What do you understand by electrical polarisation ? 
[For answer, please see problem 3] 

6. How dipole moment is used to elucidate the molecular structure ? 
[For answer, please see problem 5] 

7. Explain magnetic susceptibility. (Meerut 2006) 
[For answer, please see problem 6] 

8. Describe the classification of magnetic substances. 
[For answer, please see problem 7] 


[lI] Very Short Answer Type Questions 

1. Define optical activity with one example. (Meerut 2006) 
[For answer, please see problem 1] 

2. Define the terms, optical rotation and specific rotation. 
[For answer, please see problem 1] 

3. Mention the factors affecting uptical rotation. 
[For answer, please see problem 1] 

4. Define dipole moment. (Meerut 2007) 
[For answer, please see problem 2] 

5. Mention the unit of dipole moment. 
[For answer, please see problem 2] 

6. Write Clausius-Mosotti equation. 
[For answer, please see problem 3] 

7. Define paramagnetism and paramagnetic substances. 
[For answer, please see problem 7] 

8. Define diamagnetism and diamagnetic substances. 
[For answer, please see problem 7] 


9. What is Curie-Weiss law ? 
[For answer, please see problem 7] 


E 


SOLUTIONS, DILUTE 
SOLUTIONS AND 


Ideal and non-ideal solutions, methods of expressing concentrations of 
solutions, activity and activity coefficient. i 

Dilute solution, ċolligative properties, Raoult's law, lowering of vapour 
pressure, molecular weight determination. Osmosis, laws of osmotic 
pressure and its measurement, determination of molecular weight from 
osmotic pressure. Elevation of voiling point and depression of freezing point. 
Thermodynamic derivation of relation between molecular weight and 
elevation in boiling point and depression in freezing point. Experimental 
methods for determining various colligative properties. 

Abnormal molar mass, degree of dissociation and association of solutes. 
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PROBLEMS 


Bayes 


Problem 1. Describe the various methods of expressing 
the concentration of a solution. 

The different methods used to express the concentration of a 
solution are as given below. 

(i) Percentage by weight or weight percentage : The 
amount of solute in grams present in 100 grams of the solution is 
known as weight percentage. 

Weight of the solute 
Weight of the solution 

(ii) Strength : The strength of the solution is defined as the 

number of grams of the solute dissolved per litre of the solution. 


Percentage by weight = x 100 


Weight of the solute in grams 
Volume of the solution in litres 
(iii) Molarity : The number of moles of the solute dissolved per 
litre of the solution is known as its molarity. It is denoted by M. 


Strength = 


Number of moles of the solute 
Volume of the solution in litres 


Molarity = 


_ Strength of the solution in grams per litre 
J Mol. wt. of the solute 
For example, 0.1M HCl means a solution containing 0.1 mole 
(or 3.65 g) per litre of solution. 
(iv) Molality : The number of moles of solute present in 1000 
grams (or 1 kilogram) of solvent is known as the molality of 
solution. It is denoted by m. 
Number of moles of the solute 
Weight of the solvent in grams 
Number of grams of the solute per 1000 g of the solvent 

p Moi. wt. of the solute 

For example, 0.1 molal solution means a solution containing 
0.1 mol of the solute dissolved per 1000 g of the solvent and is 
written as 0.1 m. 


Molality = x 1000 
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(v) Normality : The number of gram equivalents of the solute 
dissolved per litre of the solution is known as its normality. It is 
denoted by N. 

Number of gram equivalents of the solute 
Volume of the solution in litres 
_ Strength of the solution in grams per litre 
= Equivalent wt. of the solute 

For example, LV NaCl solution means a solution containing one 
gram equivalent (i.e. 58.5 g) of NaCl dissolved per litre of the 
solution. It is read as one normal. 

(vi) Mole fraction : The mole fraction of a component in a 
solution is defined as the number of moles of that component divided 
by the total number of moles of all the components. 

Mole fraction of the solute in the solution (x,) 


z No. of moles of the solute 
— No. of moles of solute + No. of moles of solvent 
Mole fraction of solvent in the solution (x3) 


Normality = 


B No. of moles of the solvent 
~ No. of moles of solute + No. of moles of solvent 


For example if ny moles of the solute are dissolved in ng moles 
of the solvent, we may write 


n ng 
X1= Xo = 
l Ni tngo 2 Ni tng 
ni ng nyi + no 
X1 t X9 = = = 


ni tno ieee ear es 
NUMERICAL PROBLEMS 


Ex. 1. Calculate the molarity of a solution of sodium 
chloride (Na=23 and Cl=35.5) which contains 60 g of 
sodium chloride in 2000 ml of solution. 


Sol. 2000 ml = 2 litre. 


. A 60 60 
No. of moles of sodium chloride = 231355 585 
2 litre of the solution contains = 4 moles of the solute 
F F y 60 1 30 
1 litre of the solution contains = 58.5 x 27585 


= 0.513 moles 
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Molarity of the solution = 0.513 M 
Ex. 2. 0.212 g of Na,CO, with molecular mass 106 is 
dissolved in 250 ml of the solution. Calculate the molarity of 
Na,CO, in the solution. 
Sol. No. of moles of Na,CO; = 9a moles 
l 0.212 
250 ml of the solution contains = “106 moles 


: . 0.212 x 1000 
1000 ml of the solution conains = 106 x 250 moles 


= 0.008 moles 
Hence, molarity of the solution = 0.008 M 


Ex. 3. Find the molarity and molality of a 15% solution 
of H,SO, (density of H,SO, = 1.10 g/ml and molecular mass of 


H,SO, = 98). 
Sol. (i) Molarity 
100 ml of the solution contains = 15 g H,SO, 
1000 ml of the solution contains = im x 1000 g H,SO, 
= 150 g HSO, 


or Š == moles or 1.53 moles 


Molarity of the solution =153M 
(ii) Molality 
Mass of 100 ml of solution= 1000 x 1.10 (volume x density) 


=1100g 
Mass of the acid =150¢g 
Mass of water = (1100 - 150) g 
= 950 g 
950 g water contains = 1.53 moles of H504 
1000 g water contains aan x 1000 = 1.61 moles 


Molality of the solution =1.61m 
Ex. 4. Calcuiate the mole fraction of water in a mixture 
of 12 g of water, 108 g of acetic acid and 92 g of ethyl 
alcohol. 
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Sol. Mass of water =12¢ 

Mol. mass of water =18 

No. of moles of H,O (n,) = T = 0.66 

Mass of acetic acid =108¢g 

Mol. mass of acetic acid =60 

No. of moles of acetic acid (Ng) = eS =18 

Mass of ethyl alcohol =92¢ 

Mol. mass of ethyl alcohol = 46 

No. of moles of ethyl alcohol (n3) = a -2 

Total no. of moles, ny +g +n; =0.66 +1.8+2 
n 

Mole fraction of water, x= — 

ny + No + Ng 
0.66 
“Geese eo Oss 


Ex. 5. A solution contains 25% ethanol, 50% acetic acid 
and 25% water by mass. Calculate the mole fraction of each 
component. 


Sol. Let the total mass of the solution be 100 g. 


(i) Mass of ethanol =25¢ 

No. of moles of ethanol = 4> = 0.544 
(ii) Mass of acetic acid =50g 

No. of moles of acetic acid = * = 0.833 
Gii) Mass of water =25¢ 

No. of moles of water = 5 = 1.39 


Total no. of moles of the three components 
= 0.544 + 0.833 + 1.39 


= 2.767 
: 0.544 

Mole fraction of ethanol =3767” 0.196 
0.833 


Mole fraction of acetic acid =——— = 0.302 
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: 1.39 
Mole fraction of water = 2797 ` 0.502 
Ex. 6. Calculate mole fraction of glucose in solution of 
9 gm glucose in 180 gm water. (Meerut 2007) 
9 1 
Sol. No. of moles of glucose = 180 = 20 0.05 
No. of moles of water = ” =10 


Total number of moles in solution 
= 0.05 + 10 = 10.05 
"~ Mole fraction of glucose = Oi 0.0049 
10.05 


Ex. 7. 2.82 g of glucose (mol. mass =180) are dissolved in 
30 g of water. Calculate : 


(i) Molality of the solution 
(ii) Mole fractions of (a) glucose and (b) water. 
Sol. (i) 30 g H,O contains = 2.82 g of glucose 


1000 g H,O contains = zez x 1000 g of glucose 


22.62% 1000 moles of glucose 
30 x 180 
= 0.52 moles 
Molality of the solution = 0.52 m 
2.82 
180 
_ 80 
~ 18 
2.82/180 
= 2.82/180 + 30/18 


As Xy+xXQ=1 


(ii) No: of moles of glucose, nı = 
No. of moles of water, no 


Mole fraction of glucose, xy = 0.0093 


xg=1-x, 
Mole fraction of water ` x2=1-0.0093 
= 0.9907 
Ex. 8. 4.0 g of NaOH is contained in a deci-litre of a 
solution (density = 1.038 g/mol). Calculate the following : 
(i) Mole fraction of NaOH 
(ii) Molarity of NaOH 
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(iti) Molality of NaOH 

Sol. (i) Mole fraction of NaOH 

Volume of the solution = 100 ml, Density = 1.038 g/ml 
Mass of 100 ml of the solution = 1.038 x 100 = 103.8 g 


Mass of NaOH =4.0g 
. Mass of water = (103.8 - 4) g = 99.8 g 
No. of moles of NaOH = 4 =0.1 
No. of moles of water = 8 = 5.54 
à 0.1 0.1 
Mole fraction of NaOH = 014554564 
= 0.018 


(ii) Molarity of NaOH 
100 ml of the solution contains = 0.1 mole of NaOH 


0.1 x 1000 
100 mole of NaOH 


= 1 mole of NaOH 


1000 ml of the solution contains= 


Molarity of the solution = 1M 
(iii) Molality of NaOH 
99.8 g water contains = 0.1 mole of NaOH 
1000 g water contains = ar x 1000 moles of NaOH 
= 1.002 moles 
Hence, molality of the solution = 1.002 m 


Problem 2. What are ideal and non-ideal solutions ? 
Mention their characteristics. 


[I] Ideal Solutions 


A solution of two components is said to be ideal if each 
component of the solution obeys Raoult’s law at all temperatures 
and concentrations, i.e., the vapour pressure of each component in 
the solution at a given temperature is equal to the mole fraction of 
that component in the solution multiplied by the vapour pressure 
of that component in the pure state at the same temperature. So, 
if two liquids A and B are mixed together, the solution formed by 
them will be ideal, if 


0 
PA= XA XPA 
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and PR=%BXDPB 
where pa = vapour pressure of component A in the solution 


xa = mole fraction of the component A in the solution 
ps = vapour pressure of the liquid A in the pure state 


and pp, xp, p$ are the corresponding terms for the component B. 

It is seen that the solution formed by two liquids A and B is 
ideal if the interactions (i.e., the intermolecular forces of attraction) 
among the molecules of A and B in the solution are just the same 
as among the molecules of pure A or B. 

Further, it can also be observed that the solution formed on 
mixing the two liquids is ideal, if 

(i) There is no volume change on mixing, i.e., AV mix = 0 

(ii) There is no enthalpy change on mixing, i.e., AH pix = 0 


For example, if 100 ml cf n-hexane are mixed with 100 ml of 
n-heptane, the total volume of the solution is found to be 200 ml 
and the temperature of the solution is found to be the same as that 
of pure n-hexane and n-heptane before mixing showing that no heat 
is evolved or absorbed on mixing. Such a solution is an ideal 
solution. 


[li] Non-Ideal or Real Solutions 


A solution formed by mixing two liquids is said to be non-ideal, 
if it does not obey Raoult’s law or the interactions of A and B 
molecules in the solution are not similar to those of pure A and pure 
B. Furthermore, AV,,,, #0 and AV pix #0. 


mix 
Problem 3. Draw vapour pressure-composition diagram 
for ideal solutions. 
In case of ideal solutions, the partial pressure of each 
component can be calculated using Raoult’s law, i.e., 
PA=*AXPA 
and PB=*XB x DB 
where, p4, p3, pp and pẹ are all measured at the same temperature. 
Thus, the total prossure of the solution (P) is given by, 
P=x4 p3 + xp pS 
At any particular temperature, the values of P can be 
determined experimentally for different mole fractions. The values 
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p? and pe for the pure liquids can 
be measured at the same 
temperature and hence p, and pz 
can be calculated for any particular 
mole fraction. For an ideal solution, 
straight lines are obtained for 
curves between vapour pressures 
and composition as shown in figure 
(1). The dotted lines represent the 
curves of the partial pressures and 
the solid line represents the curve 
of the solution. 

In these plots, for any mole 
fraction (say x), the total vapour 
pressure of the solution is the sum 
of the partial pressures of its 
components A and B. 


` 


r. 
Tunnan a 


4 
i 

Ral 
` 


Vapour’ pressure 


1 
wats ote! 
phe, 4 


4 


a 
1 


x,-1 0204x 0.60.8 x-0 
*p—0 Mole fractionof B *g7 l 


Fig. 1. Vapour pressure-composi- 
tion diagram for an ideal solu- 
tion. 


Problem 4. Draw vapour pressure-composition curves for 


non-ideal solutions. 

In case of non-ideal solutions, 
- the plots between vapour pressure 
and composition (mole fraction) 
are curved lines instead of straight 
lines. Non-ideal solutions show the 
following three types of deviations 
from Raoult’s law. 

Type I : Those which show 
small positive deviation from 


Raoult’s law. The vapour 
pressure-composition graph of 
these solutions are slightly 


upwards as shown in figure (2). 
The dotted straight line plots are 
for ideal solution, calculated by 
using Raoult’s law. The full lines 
show curves for non-ideal or real 
solutions. 


Vapour” pressure 


00.2 04 06 08 1.0 
XA = Ss Xx, =0 
YA = l Mole traction of B YA K 
Xp 0 XRB l 


Fig. 2. Vapour pressure-composi- 
tion plots for non-ideal solution 
showing small positive deviation. 


Examples : Benzene + toluene, water + methyl alcohol, carbon 


tetrachloride + cyclohexane etc. 


Type II: Those which show large positive deviation from 
Raoult’s law. The vapour pressure-composition plots of these 
solutions are appreciably upwards as shown in figure (3). The 
dotted straight line plots, included in the figure for comparison, are 
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for ideal solutions (calculated by means of Raoult’s law). The full 
lines show curves for non-ideal or real solutions. 


It is thus clear from figs. (2) 
and (3) that for any mole fraction, 
the total vapour pressure of the 
solution is more than that for ideal 
solution. This means that the 
tendency for the molecules to 
escape from the solution is more 
than from the pure liquids. This 
shows that in such solutions, the 
intermolecular forces of attraction 
between the molecules of the 
solution (A-B attractions) are 
weaker than those of either of the 
pure components (A-A attractions 
or B-B attractions). Such a 
behaviour is associated with an 
increase in volume and absorption 
of heat on mixing. 


‘rb — Constant 
For real solution 


Vapour pressure 


x, el 0.2 0.4 06 0.8 x, 70 
z —— Be 
BTO Mole fractionofB *s 7 } 
Fig. 3. Vapour pressure-composi- 
tion plots for non-ideal solution 
showing large positive devia- 
tion. 


Examples : Water + ethanol, ethanol + chloroform etc. 

Type Ill : Those which show negative deviation from 
Raoult’s law. The vapour pressure-composition plots of these 
solutions are downwards as shown in figure (4). The dotted straight 
line plots are for the ideal solution, calculated on the basis of 
RaouJt’s law and are included in the figure for comparison. (The 


full lines show curves for non-ideal 
or real solutions). It is clear from 
the figure that for any mole 
fraction, the total vapour pressure 
of the solution is less than that for 
ideal solution. This means that the 
tendency for the molecules to 
escape from the solution is less 
than that from the pure liquids. 
This shows that in such solutions, 
the intermolecular forces of 
attraction between the molecules of 
the solution (A-B attractions) are 
stronger than those of either of the 
pure components (A-A attractions 
or B-B attractions). It is related to 
the contraction in volume and 
evolution of heat in making the 
solution. 


‘L = Constant 


Vapour pressure 


i 
x, 71 0.2 04 0.6 08 x. -0 
— pes 
*p~9 Mole tractionof B *B7 } 
Fig. 4. Vapour pressure-composi- 


tion plots for non-ideal solution 
showing negative deviation. 
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Examples : Water + nitric acid, water + sulphuric acid, acetone 
+ chloroform etc. 

Problem 5. Explain the following terms : 

(i) Activity, 

(ii) Activity coefficient, 

(iti) Mean activity of ions, and 

(iv) Mean activity coefficient of ions. 


[I] Activity 
Guldberg and Waage (1867) enunciated the law of mass action 
which states that, ‘the rate of a reaction is proportional to the 
product of the active masses of the reactants’. In case of gases, 
partial pressures can be used in place of active masses as the two 
are proportional to each other. But when substances react in 
solution, it does not necessarily follow that their concentrations 
correspond entirely to their active masses. This would occur only 
if the solutions are ideal, ‘i.e., for dilute solutions. Suppose for 
example, one component becomes hydrated or solvated; and if only 
the non-solvated portion can react then it is only this portion that 
contributes to the active mass. 
Ideal and Non-Ideal Gases. It has been experimentally observed that at very 
low densities, all gases obey the expression PV=nRT, irrespective of the 
chemical composition of gases. That gas for which the above relation remains 
the same under all conditions is known as an ideal or perfect gas. For an ideal 
gas, the volume of the molecule can be neglected in comparison to the total 
volume of the gas, and the molecular attraction between the molecules is 
negligible. But deviations are observed as the above conditions are not always 
fulfilled. Then an ideal gas becomes a real or non-ideal gas. In other words, the 
behaviour of a real gas approaches the ideal gas as the pressure aproaches zero. 


Lt 
P+0 


Real gas —> Ideal gas 


If the total concentration be c and that of the non-solvated 
molecules be a, then the ratio a/c is known as active fraction. The 
effective concentration or the concentration of the non-solvated 
molecules is known as activity. This concept was given by G.N. 
Lewis (1908). 


[Il] Activity Coefficient 


The term a/c is termed as activity coefficient and is usually 
represented by f of y. So, 


a_ 
A or Y a. (1) 


The same idea, has been applied to solutions of strong 
electrolytes. In the case of an ideal solution, the value of f or y is 
unity. 
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Consider the following reaction to take place in solution : 
A+B C+D 
The equilibrium constant will be given by, 
_ acxXap 
7 aa Xag 
where, a4, &g, aç and ap represent the ideal concentrations or 
activities of the respective constituents A, B, C and D. The 
concentration can also be expressed in terms of molality (m) which 
is defined as, “number of moles of solute present in 1000 gram of 
the solvent”. 

The ratio a/m is also known as activity coefficient (f). The 
activity ccefficient may, therefore, be regarded as the measure of 
extent to which an ion or molecule departs from the ideal 
behaviour, since ‘a’ represents the ideal concentration and ‘c’ or 
‘m’ the real concentration. 


[lll] Mean Activity of lons 


Consider a uni-univalent electrolyte of type BA, (e.g., NaCl, 
KCI etc) whose ionisation can be considered as follows : 
BA == B*+A7 
The equilibrium constant (k) will then be given by, 
[B*] [A] _&+ a- 
k= BA] EE ..- (2) 
where a, is activity of the cation (B*), a_, is activity of the anion 
(A7), a is activity of the undissociated electrolyte (BA). 
The mean activity of the two ions (a,) may be regarded as the 
geometric mean of the activities of the respective ions. 


a, = Va, .@_) = (kay) ¥? [From eq. (2) ... (3) 


[IV] Mean Activity Coefficient of lons 
The separate activity coefficients of the ions are, 
f,= a,c, and f_ =a /e 
The mean activity coefficient (f,) of the two ions is regarded as 
the geometric mean of the activity coefficients of the ions. So, 


F=f = VF 


a, a 
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1/2 


5 kan [From equation (3)] 


c 
where C} =c. 
In general, for an electrolyte which dissociates into v, cations 
and v_ anions, we have, 
By, Ay. === v, Bt +v. A> 
Let a,,a_ and az be the activities of the cations, anions and 
undissociated electrolyte, respectively, then, 
kag = a ay 
The mean activity is then given by, 
a, = (a+ av-)M,+ v_) 
= (a> aY- = (kag) ™ ... (4) 
wherev= total number of ions = v, + v_ 
If the total concentration of the electrolyte is c, then the activity 
coefficients of the ions* are : 


ee ee 
we and er 6) 


The mean activity coefficient of the electrolye is given by, 


A= fo 
= | ( ee J ( BA y r [From eq. (5)! 


v}c Vic 


=(a\". ary (vet . (vie) ] My 


as 
C4 


lv va i/v 


where c4 = Iv; 9+ . (vo =e (Vy" v) 
The factor [v . v’]” is known as ‘valency factor.’ 
From equations (4), (6), (7) we get, 

fi = (kag) c ... (8) 


Note. If molality (m) is used in place of concentration (c), 
then in all the above expressions, c can be replaced by m. 


a a a_ 
* For KCL: for = Pe for BaCl, : fo = Be for FeCl, : for = F 
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Problem 6. What is meant by osmosis and discuss its 
mechanism? How does it differ from diffusion? 


[I] Osmosis 

Consider a solution of sugar contained in an inverted thistle 
funnel, the lower end of which is tied with a parchment paper, 
which acts as semi-permeable membrane. This funnel is then kept 
in a beaker containing water, as shown in figure (5). Water passes 


Sugar 
solution 


Animal 
membrane 


Fig. 5. Osmosis 


into the funnel through the membrane, whereby the level of the 
liquid in the funnel is risen appreciably. The phenomenon of 
spontaneous flow of pure solvent (water) into a solution through a 
` semi-permeable membrane is known as osmosis. 
Osmosis not only occurs between a pure solvent and a solution 
but also between two solutions of different concentrations. 


So, osmosis may also be defined as, ‘the spontaneous flow of 
solvent through a semi-permeable membrane from a solution of 
lower concentration to that of higher concentration’. If two solutions 
are of equal concentrations, no osmosis will take place*. 


[It] Mechanism of Osmosis 


In order to explain the mechanism of osmosis, it has been 
assumed that the solvent simply passes from a region in which it 
has a greater tendency to escape to a region in which it has a lower 
escaping tendency. Moreover, it has also been assumed that the 
solvent moves due to its attraction for a solute, a phenomenon 
known as solvent action. 


* The following experiment demonstrates the phenomenon of osmosis. 

Suppose the outer hard shell of two eggs of the same size is removed by 
dissolving in dil. HCl. One egg is placed in distilled water and the other in 
saturated salt solution. After some hours, it will be seen that the egg placed in 
water swells and the one placed in salt solution shrinks. In the former, water 
diffuses through the skin (s.p.m) into the egg material which swells. In the latter 
case, the concentration of the salt solution is higher than the egg material, so the 
egg shrinks. 
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[ill] Difference Between Diffusion and Osmosis 
(S.No. Diffusion 


1. The process of diffusion of the|The process of osmosis is due to 
solute in a solvent is due to (i)|the passage of solvent through a 
motion of solute molecules from|semi-permeable membrane from 
a concentrated solution into the|a solution of lower concentration 
solvent and (ii) motion of solvent/to that of higher concentration. 

molecules into the concentrated 


Osmosis 


solution. 

2. Presence of semi-permeable|Presence of semi-permeable 
membrane is not essential. membrane is essential. 

3. Both solute as well as solvent;Only solvent molecules flow. 
molecules flow in opposite 
directions. 


Problem 7. (a) Define osmotic pressure. 

(b) Describe important methods for determining the 
osmotic pressure of solution. What is the effect of 
temperature and concentration on the osmotic pressure of a 
dilute solution? 

(c) How is osmotic pressure of a solute in a non-aqueous 
solvent determined? 

(d) How is osmotic pressure used for finding out the 
molecular weight and degree of dissociation of an 
electrolyte? 


(a) Osmotic Pressure. 


Consider a solution of sugar contained in an inverted thistle 
funnel, the lower end of which is tied by a parchment paper, which 
acts as a__ semi-permeable 
membrane. This funnel is then 
kept in a beaker containing water 
as shown in figure (6). Water 
passes into the funnel through the 
membrane, whereby the level of 
the liquid in the funnel rises 
appreciably. 

The flow of solvent through the 
membrane will continue till an 
equilibrium is established. At this 
stage, the hydrostatic pressure of 
the liquid column exactly balances 


Semii-permeable 
membrane 


Solution ... 
Piston 


Fig. 6. Balancing of osmotic pres- 
sure. 
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the tendency of water to pass inside through the semi-permeable 

membrane. The hydrostatic pressure thus set up as a result 

of osmosis is a measure of osmotic pressure of the solution. 

If the liquid rises to a height h in the tube of the funnel, then : 
Osmotic pressure of solution = hdg, 

where, d is the density of the solution and g is the acceleration due 

to gravity. 

Osmotic pressure can also be defined as follows : 

(i) Let the sugar solution be placed in a vessel, the walls of 
which are semi-permeable. It ıs tightly closed by a piston. This 
vessel is lowered into a larger vessel (e.g., beaker) containing pure 
solvent (water), as shown in figure (6). The water on account of 
osmosis will have a tendency to flow into the smaller vessel through 
the semi-permeable membrane. This tendency can be checked by 
applying external pressure on the solution by placing increasing 
weights on the piston. By placing proper weights on the piston, the 
tendency of water to enter the smaller vessel through the 
membrane will be exactly balanced by its counter pressure from 
above. 


So, osmotic pressure of a solution is defined as, ‘the excess 
pressure which must be applied to the solution in order to 
just prevent the flow of the solvent into it through a 
semi-permeable membrane’. 


(ii) In osmosis, the vapours of solvent permeate through a 
semi-permeable membrane in order to make the vapour pressures 
the same on both sides. As the vapour pressure of a liquid can be 
increased by applying pressure on it, osmosis may thus be stopped 
by applying some extra pressure on the solution or applying some 
negative pressure on the solvent. The vapour pressures on the two 
sides are thus equalised. So, osmotic pressure may be defined as, 
‘the excess pressure which must be applied to the solution in 
order to increase its vapour pressure until it becomes equal 
to that of the solvent.’ 

Alternately, osmotic pressure is also defined as, ‘the 
pressure withdrawn externally from the pure solvent in 
order to decrease its vapour pressure until it becomes equal 
to that of the solution.’ 


(b) Measurement of Osmotic Pressure 


Though a number of methods, e.g., Pfeffer’s method, de Vries 
plasmolytic method etc. are available for measuring the osmotic 
pressure of a solution, the methods mostly used for the purpose are 
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due to (i) Morse and Frazer and (ii) Berkeley and Hartley. These 
are described below : 

(i) Morse-Frazer’s method : The apparatus used is as shown 
in figure (7). The semi-permeable membrane was deposited on the 


Manometer 


Solution 


Semi-permeable 
membrane 


Solvent 


Fig. 7. Morse-Frazer’s apparatus. 


walls of a previously cleaned porous pot. In order to avoid the 
membrane bursts, the porous pot was set in an inverted position 
and then filled with pure solvent. The solution was taken in a 
bronze cylinder, into which the porous pot was fixed. The cylinder 
was fitted with a manometer. The glass tube fitted into the porous 
pot and open at both ends served to keep the pot full with solvent 
at atmospheric pressure. 

Due to osmosis, the solvent tended to pass from the porous pot 
into the cylinder through the semi-permeable membrane. Thus, an 
excess pressure was developed which was recorded on the 
manometer. 

(ii) Berkeley-Hartley’s method : The apparatus (Fig. 8) 
consists of a porous pot on the walls of which is deposited a 
semi-permeable membrane of copper ferrocyanide. It is surrounded 
by a bronze cylinder to which is fitted a piston, P. A pressure gauge 
is also attached to the piston to measure the osmotic pressure. The 
porous pot is fitted with a water reservoir on the right side and a 
capillary A on the left side. Water is placed in the porous pot, while 
the cylinder is filled with the solution whose osmotic pressure is to 
be determined. Water tends to pass from the porous pot into the 
solution through the semi-permeable membrane. This results in 
the lowering of the level of water in capillary A. Pressure is now 
applied externally by the piston so that the level of water in the 
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Solvent 
reservoir 


Piston (P) 
Porcelain tube 
with Cu,Fe(CN), 


Meniscus ——»F membrane 


Capillary 
tube, A 


Metallic 
jacket 


Fig. 8. Berkeley-Hartley’s apparatus 


capillary A remains stationary. The total applied pressure which is 
equal to the osmotic pressure of the solution can be read from the 
pressure gauge or by a manometer. 

This method is an improved one in the sense that the 
equilibrium is established very quickly, strain on the membrane is 
not so much as in other methods and the concentration of the 
solution does not change during the measurements. 


[I] Effect of Temperature and Concentration on Osmotic 
Pressure 


According to van’t Hoff, osmotic pressure of a solution is due to 
the bombardment of solute particles on semi-permeable membrane. 
It will thus increase with the increase in the number of solute 
particles, i.e., concentration of solution. Thus, osmotic pressure is 
directly proportional to concentration. 

Furthermore, the bombardment of the solute particles on 
semi-permeable membrane depends upon their velocity and the 
latter in turn increases with temperature. Thus, osmotic pressure 
increases with increasing temperature, i.e., they are directly 
proportional to each other. 


(c) Measurement of Osmotic Pressure in Non-Aqueous 
Solvents or Townend’s Negative Pressure Method 


The special part of this apparatus as shown in fig. (9), is the 


porous disc. It is made from a special mixture of clay and glass 
powder. The size of the pores is very small such that only the 
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vapours can pass  /opump, 
through it. The air in 
the bulb is evacuated by 
a suction pump. 

Due to osmosis, the 
mercury-solvent boun- Solution 


Porous pot 


Water 


dary B, moves up due to funnel 

escape of vapours from hz Mercury 
the solvent side. Now bulb 
the reservoir is moved h; 


up and down till the 
position B remains 
stationary. The steady 
level of B confirms that 
the vapour pressure of 
solvent has been 
reduced just sufficiently 
to become equal to the 
pressure of the solution. 
The osmotic pressure 
(P) of the solution is 


Fig. 9. Townend’s porous disc apparatus. 


given by, 
= ABxd 
P=BC+ 136 
P=h hoxd 1 
a = "3.6 ed) 


where, d is the density of the solvent, 13.6 g cm™® is the density of 
mercury. 


Advantages : 
(i) This method does not require the membranes which are 
prepared with difficulty. 
(ii) This method is particularly useful for solutions in 
non-aqueous solvents for which suitable membranes are 
not available. 


(d) Molecular Weight From Osmotic Pressure 

According to van’t Hoff, we have PV =nRT 
where, P= osmotic pressure; V= volume of the solution, n= 
number of moles of solute; R= gas constant; T= absolute 
temperature. 
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If w g of solute of molecular weight m be dissolved in the 
solution, then we have n = w/m 


pv=-"-RT 
m 


Thus, the value of m can be calculated, provided the values of 
P,V,w and T are known. 


[I] Calculation of Degree of Dissociation from Osmotic Pressure 
Degree of dissociation of solute is defined as the fraction of the 
total solute dissociated into ions in solution. 


Let a be the degree of dissociation of NaCl in solution. If we 
start with one mole of NaCl, then the number of moles of NaCl, 


Nat and Cl after dissociation will be as follows : 
NaCl = Na*+Cl 


1 0 0 (Before dissociation) 
l-a 0 0 (After dissociation) 
Number of particles before dissociation = 1 
Number of particles after dissociation =1-a+a+a=l+a@ 
As osmotic pressure <x Normal number of particles in solution 
Normal osmotic pressure « Normal number of particles œ 1 
Observed osmotic pressure œ No. of particles after dissociation 
x<l+a 
_Normal osmotic pressure 
Observed osmotic pressure 
_ Number of particles before dissociation 
Number of particles after dissociation 


Thus, measuring the observed osmotic pressure of the solution 
by any known method and calculating the normal osmotic pressure 
(assuming no dissociation of the solute), we can calculate the value 
of a, degree of dissociation of the solute. 


NUMERICAL PROBLEMS 
Ex. 1. Calculate the osmotic pressure of 5% solution of 
glucose (C,H,,0,) at 18°C. 
Sol. T = (273 + 18) = 291 K; w =5. 
V = 100 c.c. = 1/10 litre, 
m of glucose (CeH1206) = 180. 
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We know that, P=-“-xRT 
mV 
5 
or P= 180 x 1/10 x 0.0821 x 291 = 6.636 atm. 


Ex. 2. Calculate the osmotic pressure of a solution 
containing 6 g of urea and 9 g of glucose in one litre solution 
at 27°C. 

Sol. The O.P. (P,) of solution due to urea 


_ Ww _ 6 x 0.0821 x 300 _ 
_ Pave RT= OE peg A 2.463 atm. 
The O.P. (P,) of solution due to glucose 
ae _ 9 x 0.0821 x 300 _ 
=Ty T= 130 4 = 1.231 atm. 


Osmotic pressure of the solution 
= P} + Po = 2.463 + 1.231 = 3.694 atm. 

Ex. 3. Caiculate the osmotic pressure of 5% urea solution 
at 0°C. 

Sol. Mol. wt. of urea (NH,CONH,) 

=14+2+12+16+14+2=60 
From the equation, 
w 
P= nV" RT 
5 x 0.0821 x 273 
we have, P= 60x01 
= 18.67 atmosphere. 

Ex. 4. Calculate the osmotic pressure of M/10 solution of 
cane sugar at 27°C. 

Sol. Molecular weight of cane sugar (C,.H,.0,,) = 342. 

For M/10 solution, it means that 1/10 g mole of cane sugar is 
dissolved in 1 litre of solution, i.¢., 342/10 g is dissolved in 1 litre. 

342 
w= 10 = 34.2 g 
V = 1 litre; T = 27 + 273 = 300 K; m = 342. 
We know that, 


Ce V=0.1 litre) 
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_ 34.2 x 0.0821 x 300 
z 342 x 1 
= 2.463 atmosphere. 


Ex. 5. Calculate the osmotic pressure of 0.01 N solution 
of cane sugar at 27°C (R=0.0821 litre atmosphere 


deg" mole) 
Sol. We know that, 


EA 
= ny ET 


0.01 N solution of cane sugar (mol. wt. =342) means 
0.01 x 342 g, i.e., 3.42 g of it is dissolved in one litre of solution. So, 
w = 3.42 g, V = 1 litre, m = 342, T = 300 K 
3.42 x 0.0821 x 300 
342 x1 
= 0.2463 atmosphere. 


Ex. 6. Calculate the osmotic pressure of 10% cane sugar 
solution at 25°C. (Molecular weight of cane sugar = 342) 

Sol. P=?,V=100 ml=0.1 litre, w = 10 g, 

T = 25 + 273 = 298 K, m = 342 
We know that, P= Z- RT 
mV 
P- 10 x 0.0821 x 298 
342 x 0.1 
= 7.153 atmosphere. 

Ex. 7. Calculate the osmotic pressure of the mixture 
solution after mixing the following at 20°C: 

(a) 100 ml of 3.4% urea solution (mol. wt. = 60). 

(b) 100 ml of 1.5% sugar solution (mol. wt. = 342). 

Sol. On mixing, the total volume of the mixture becomes 200 
ml. 

(a) Osmotic pressure (P,) of urea solution 


P= 


w 
P= ny AT 


_ 3.4 x 0.0821 
~ 60x 0.2 


= 6.81 atmosphere 
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(b) Osmotic pressure (P,) of sugar solution 
-W 
P= my RT 
_ 1.5 x 0.0821 x 293 
7 342 x 0.2 
“. Osmotic pressure of the mixture, 
P =P, + P3 = 6.81 + 0.527 = 7.337 atm. 
Ex. 8. Osmotic pressure of a solution of mannitol in water 
at 20°C is 5.55 atmosphere. The solution is diluted with an 


equal volume of water and temperature is raised to 40°C. 
What will be the osmotic pressure of dilute solution at 40°C? 


Sol. At 20°C, i.e., 293K, 


ele 
=Tv ET 


or 5.55 = 3; x 0.0821 x 293 GD) 


= 0.527 atmosphere 


At 40°C, i.e., 313K, 


n c 
P= zy * 0.0821 x 313 ao (2) 


Dividing (2) by (1), we get 


P n Ai RELA 
IT | ay * 0.0821 x 313 Je yx 0.0821 x 293 
of P __ 313 
5.55 2x 293 
313 x 5.55 
or =-3x293 ` 2.96 atm. 


Ex. 9. A solution containing 8 g of a substance per 100 ml 
was found to have an osmotic pressure of 500 cm of Hg at 
27°C. Calculate the molecular weight of the substance. 


Sol. We have, w = 8; V = 100 ml = 0.1 litre 


P = 500 cm = ” atmosphere 


T = 273 + 27 = 300 K 
We know that, 


Ww 
P=: 
_w.RT_ 8x 0.0821 x 300 
~ PV ~ (500/76) x 0.1 


RT 


or = 299.5. 
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Ex. 10. The osmotic pressure of non-volatile solute in 
benzene at 25°C is 20.66 Nm™. If the solution had a 
concentration of 2 g/dm', what is the molecular weight of 
solute ? 

Sol. From solution equation, 

w 
= nV" RT 

P = 20.66 Nm”, w = 2 g, V = 1 dm?, R = 8.31 Nm” dm? mol ‘K", 

T = 25 + 273 = 298 K. 


2 x 8.31 x 298 
— 20.66x1 — anes 
Ex. 11. 10 g of a substance was dissolved in water and 
solution made upto 250 c.c. The osmotic pressure of the 
solution was found to be 600 mm at 15°C. Find the molecular 
weight of the substance. 
Sol. P = 600/760 atm; T = 15 + 273 = 288 K;w = 10 g;V = 0.25 
litre 


w 
Now, P= mV" RT 
w 

or m= PV RT 

_ 10 x 0.0821 x 288 

5 600 

760 x 275 

or m=119.8 


Ex. 12. A 1.46% solution of a compound has an osmotic 
pressure of 783 mm at 30°C. What is the molecular weight of 
the compoun:i? 


Sol. We know that, PV = = RT 


-W 
or m=py ÈT 


We have, w = 1.46; T = 30 + 273 = 303 K; V = 0.1 litre; 
P= 783/760 atms. 
1.46 x 0.0821 x 303 
j 783 


760 %1 


= 352.52. 
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Ex. 13. The osmotic pressure of a 0.2% solution of an 
organic compound in water is 570 mm Hg at 12°C. What is 
the molecular weight of the compound? [R = 0.0821 lit atm 
per degree per mole]. 

Sol. We have, 

w = 0.2; V = 0.1 lit; P = 570/760 atm; T — 12 + 273 = 285 K 


Thus, Pv=“. RT 
m 
Ww 
or m= PV RT 
_ 0.2 x 0.0821 x 285 _ 62 39. 
570 94 
760° °° 


Ex. 14. 12.16 g of a substance was dissolved in 100 ml 
water and its osmotic pressure was found to be 6.92 
atmospheres at 15°C. Calculate the molecular weight of the 
substance. 

Sol. From the equation, P = RT 

mV 
_ 12.16 x 0.0821 x 288 
p mx0.1 
_ 12.16 x 0.0821 x 288 
g 6.92 x 0.1 
~ Molecular weight of the substance = 415.49. 

Ex. 15. Considering complete dissociation of electrolytes, 
if O.P. of 1 M urea solution is P, what do you expect the value 
of O.P. of 1M aluminium sulphate solution ? 

Sol. As aluminium sulphate gives 5 ions on dissociation and as 
O.P. is proportional to the number of ions, the O.P. of the solution 
will be 5P. 


Ex. 18. Calculate the value of R in litre-atmosphere, ifthe 
osmotic pressure of a solution containing 45 g of sucrose 
dissolved per litre of solution at 2°C is 3.0 atmospheres. 


Sol. The molecular weight (m) of sucrose (Cj.H.0},) 
=12 x 12 + 22 x 1 + 11 x 16 = 342 
T =2 +273 = 275 K 
We know that, 


P= 


We have, 6.92 Ce V=0.1 litre) 


or = 415.49 


w 
mv ET 
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P.wV 
a Re DT 
_ 8x 842x1 
45 x 275 
= 0.0829 litre-atmosphere. 

Ex. 17. Calculate the value of constant R from the 
observation that a solution containing 34.2 g of cane sugar 
(mol. wt. =342) in one litre of solution has an osmotic 
pressure of 2.522 atmospheres at 20°C. 

Sol. w = 34.2; V = 1; P = 2.522; T = 20 + 273 = 293 K, m = 342; 
R=? 

w 


P =y ET 
_P.mV 
or R= oT 
_ 2.522 x 342 x 1 
~ 84.2 x 293 


= 0.0860 litre atm/degree/mole. 
Ex. 18. Calculate the value of R in litre atmosphere if an 
aqueous solution of 60 g sucrose in one litre has an osmotic 
pressure of 4 atmosphere. 


Sol. 
w 
P=- y PT 
p- PMV _4x342x1 
— RT 60x275 


= 0.0829 litre atm/deg/mole. 


Problem 8. (a) What led van’t Hoff to establish the 
analogy between dilute solution and gases or show that there 
exists an exact analogy between the dissolved state of a 
substance and its gaseous state? 

Or, State and explain van’t Hoff theory of dilute solutions 


and derive general solution equation for dilute solutions. 
(Meerut 2007, 06) 


Or, Write a note on van't Hoff theory of dilute solutions. 
(Meerut 2005) 
van't Hoff observed the following similarities in the behaviour 
of dilute solutions and substances in the gaseous state. 
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(A) Concentration : According to kinetic theory of gases, the 
molecules of a gas are in a state of constant rapid motion, which 
results in the concentration of molecules becoming uniform 
throughout the containing vessel. In dilute solutions too, the 
molecules of the dissolved solute are in motion and tend to become 
uniform in concentration. Thus, just as the gas can distribute itself 
throughout the available space, the solute molecules too get 
uniformly distributed throughout the solvent medium. 

(B) Pressure : The pressure exerted by a gas is due to the 
bombardment of the molecules on the walls of the containing 
vessel. Similarly, the osmotic pressure in dilute solutions is also 
produced due to the bombardment of the solute molecules on the 
walls of semi-permeable membrane. Just as the gas pressure 
depends upon the number of gaseous molecules, the osmotic 
pressure similarly depends upon the solute particles in the 
solution. 

(C) Applicability of laws : van’t Hoff showed that various 
laws which apply to gases, can also be applied to dilute solutions. 
This led him to formulate the following laws : 


1. Boyle-van’t Hoff law (First law of osmotic pressure) : 
The osmotic pressure (P) of a solution is inversely proportional to 
the volume (V) of the solution containing one mole of the solute at 
constant temperature or in other words, osmotic pressure of a 
solution is directly proportional to concentration (C) at constant 
temperature. Thus, 

i 
V 

This relationship is similar to the mathematical form of the 
Boyle’s law for gases. 

2. Charles’-van’t Hoff law (Second law of osmotic 
pressure) : The osmotic pressure (P) of a solution at constant 
concentration is directly proportional to temperature (T) on the 
absolute scale. Thus, 

P œ T, at constant C 

This relationship is similar to the mathematical form of the 
Charles’ law for gases. 

3. Avogadro-van’t Hoff hypothesis : At a given temperature, 
solutions having equal molar concentrations of different solutes 
have the same osmotic pressure. 


P œ & œ C, at constant T 
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This law is similar to Avogadro’s law for gases. 

4. Simultaneous’ effect of concentration and 
temperature on osmotic pressure : Combining the first and 
second laws of osmotic pressure for a solution containing one mole 
of a solute, we obtain an expression : 

Pœ a if both T and V vary 
or PV = KT (K = constant) ... (1) 
vant Hoff obtained the value of K by substituting the values of 
P, V and T for sucrose solution. He observed that for a solution 
containing 10 g of sucrose (molecular weight = 342) per litre, the 
osmotic pressure was found to be 0.66 atmosphere, at 273K. 
Therefore, 


T 273 

The value of K is in good agreement with gas constant, R. So, 

substituting K by universal constant, R, in equation (1), we get, 
PV=RT 

In general, if n moles of a solute are dissolved in V litres then 

the above equation becomes, 
PV=nRT 

This equation is known as general solution equation. 

The above facts reveal that there exists an exact analogy 
between the dissolved state of a substance and its gaseous state. 
van't Hoff thus gave a law which can be stated as under : 

‘The osmotic pressure of a dilute solution is the same as the 
pressure, which the solute would exert if present as a gas at the same 
temperature, occupying the same volume as that of the solution, 
i.e., gas laws are applicable to dilute solutions.’ 

This is known as van't Hoff law of dilute solutions. 

Problem 9. Write a short note on isotonic solutions. 

(Meerut 2006, 05) 
Isotonic Solutions 

Solutions which have the same osmotic pressures at the same 
temperature are said to be isotonic. When two solutions having the 
same osmotic pressures are brought in contact with each other 
through a semi-permeable membrane, there will thus be no 
transference of solvent from one solution to the other. 
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Writing general solution equations for two solutions 
represented by subscripts 1 and 2, at the same temperature, we 


get. 
PV, =n,RT=—= RT 
11574 = my 
w2 
PoVo = nRT = aan RT 
m2 


Wy w2 


Pi = mıVı .RT and Po = moVo . RT 
For isotonic solutions, P, = P3 
wy We 
mV; maVa T 


Thus, according to van’t Hoff theory of dilute solution, isotonic 
solutions have the same molar concentrations. 

The knowledge of isotonic solutions helps us in determining the 
molecular weight of a solute. If the molecular. weight of one of the 
substances forming isotonic solutions is known, then that of the 
other can be calculated with the help of equation (1)*. 


NUMERICAL PROBLEMS 


Ex. 1. A 1.02% solution of glycerine is isotonic with 2% 
solution of glucose. What is the molecular weight of 
glycerine? 

Sol. For isotonic solution, we have 
wy w92 
mV, mz Vo 
Glycerine Glucose 
1.02 __ 2 
mıx0.1 180x0.1 


[Mol. wt. of glucose (C6H1206) = 180] 


or 


* Of the two solutions separated by a s.p.m., if one is of lower O.P., it is said to be 
hypotonic relative to the second solution. If it has a higher O.P. than the second 
solution, it is said to be hypertonic relative to the second solution. 

If red blood cells are put in distilled water (hypotonic solution), water passes 
into the cells and they swell. If red blood cells are placed in 1% NaCl solution 
(hypertonic solution), water comes out of the cells and they shrink. 
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180 x 0.1 x 1.02 
Or my 8x 0.1 


Ex. 2. A solution containing 8.6 gilitre of urea (mol. wt. 
= 60) was found to be isotonic with a 5% solution of an 
organic solute. Calculate the molecular weight of the solute. 


Sol. For urea : w, = 8.6; m; = 60; V; = 1 litre 
For unknown solute : w3 = 5; mz = ?; Vo = 100 c.c. = 0.1 litre 


For isotonic solutions : 


= 91.8. 


Wy, _ W2 
mıVı mV2 
i 8.6 _ Bs. 
60x1 mx0.1 
60x5x1 
m= eg 01” 348.83. 


Ex. 3. Calculate the amount of urea dissolved per litre if 
its aqueous solution is isotonic with 10% cane sugar 
solution. Molecular weight of urea = 60. 

Sol. For urea : w; = ?; m, = 60; V, = 1 litre. 

For cane sugar : wg = 10; mz = 342; V} = 100 c.c. = 0.1 litre. 


For isotonic solutions, 


Wy z Wwa 
mV, mgV2 
Pa W SO. 
60x1 342x0.1 
60 x 1x10 
or w= 342x01 = 17.54 


Amount of urea = 17.54 g/l. 

Ex. 4. de Vries found that 3.42% solution of cane sugar 
was isotonic with 5.96% solution of raffinose. Calculate the 
molecular weight of raffinose. 

Sol. For cane sugar : w= 3.42; V4 = 100 c.c. = 0.1 litre; 
m, = 342. 

For raffinose : w = 5.96; V, = 100 c.c.=0.1 litre; m,=? 


For isotonic solutions, we have 
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ah ces és 3.42  _ 5.96 
mV, moVo 342 x0.1 mgx0.1 
Bs ne 5.96 x 342 x 0.1 
3.42 x 0.1 
Ex. 5. A solution of urea (NH,CONH,) is isotonic with a 
3% solution of glucose C,H,,0,. Find the concentration of the 
urea solution. 
Sol. For isotonic solutions, 
wy w2 w1 3 


= 596 


mıVı mVz ° 60x0.1 180 x0.1 
Urea Glucose 
e w, -3x60x0.1_; 
180 x 0.1 


Concentration of urea solution = 1% 


Ex. 6. A 5% solution of cane sugar is isotonic with 0.877% 
solution of urea. Calculate the molecular weight of urea, if 
molecular weight of cane sugar is 342. 

Solution : For isotonic solutions, 


Canesugar Urea 
5 0.877 


342x0.1  mgx0.1 


_ 842 x 0.1 x 0.877 
~ 5x0.1 

Ex. 7. A solution containing 10 g per litre of an organic 
substance was found to be isotonic with 2% glucose (mol. wt. 
= 180) solution. Calculate the molecular weight of the 
organic compound. 

Sol. For isotonic solutions, we have 


or Mg = 59.98 


Wy we 
mV, moV 
O.C. Glucose 
pe 10 £ 2 
mıx1 180x0.1 
o pi TOU TNO 2205 


2x1 
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<. Molecular weight of organic compound = 90. 


Ex. 8. A solution of 1.72 g of Ain 100 ml water is found to 
be isotonic with a 3.42% solution of sucrose. Calculute the 
molecular weight of A (25°C). 


Sol. For isotonic solutions, 


Wy w2 
mV, m2Vo 
‘A Sucrose 
or 1.73 2 3.42 
m,x0.1 342x0.1 
my = 473x842 x 0.1 _ 173, 


3.42 x 0.1 


Problem 10. What do you understand by relative lowering 
of vapour pressure and mole fraction of solute? Enunciate 
Raoult’s law. Describe an experimental method for 
determining the molecular weight of solute by measuring the 
lowering of vapour pressure. (Meerut 2006) 


[I] Relative Lowering of Vapour Pressure 


It is a well known fact that when a non-volatile solute is 
dissolved in a liquid, the vapour pressure of the solution becomes 
smaller than the vapour pressure of the pure solvent. If p and p, 


represent the vapour pressures of pure solvent and solution, 
respectively, then 


Lowering of vapour pressure = p — Ps 
P -Ps 


Relative lowering of vapour pressure = 


So, relative lowering of vapour pressure is the ratio of lowering 
of vapour pressure and the vapour pressure of the pure solvent. 


[li] Mole Fraction of Solute 


The mole fraction of solute is defined as the, fraction of the 
total moles of the solute present in the solution, i.e., ratio of moles 
of the solute to the total number of moles in solution.’ 


If, moles of a solute is dissolved in n, moles of a solvent, then 
the total number of moles in the solution will be (n, + no). 
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ny 
nı tng 


Mole fraction of solute = 


[ill] Statement of Raoult’s Law 
According to Raoult’s law. 
‘relative lowering of vapour pressure is equal to the mole 
fraction of the solute.’ 
- n 
Mathematically, PE we wth) 
P nı +n 
For dilute solutions, n, is very small as compared so ng, so it 
can be neglected. Therefore, equation (1) becomes, 
- n 
pou . Q) 
P ng 
Equation (2) is Raoult’s law equation for dilute solutions. 


[IV] Molecular Weight of Solute from Raoult’s Law 
If w, g of a solute of molecular weight m, be dissolved in w, g 
of a solvent of molecular weight m, then we can write : 
nı = W/m, and ng = Wg/Mg 
Thus, equation (1) becomes : 
a ed le . (3) 
Pp W/m, + wamo 
For dilute solutions, equation (2) becomes : 
se i a ae ll (4) 
P= Welmg wm; 


Thus, if lowering of vapour pressure produced by dissolving a 
known weight of solute in a known weight of solvent (known 
molecular weight) is determined, the molecular weight of solute can 
be calculated. 

The measurement of lowering of vapour pressure can be made 
by a number of methods, e.g., static method (barometric method) 
etc., but the dynamic method by Walker and Ostwald gives the 
most accurate results. 

Walker and Ostwald method : The apparatus is as shown in 
figure (10). It consists of two bulbs containing a weighed amount 
of the solution under study and are connected to the next two bulbs 
containing a weighed amount of the pure solvent. A weighed 
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Dry air 
> 


Dry 
air 


Solution bulbs (p,) Solvent bulbs (p) Weighed CaCl, 

tube 
Fig. 10. Walker-Ostwald’s apparatus. 
amount of anhydrous calcium chloride is taken in an accurately 
weighed U-tube. All the bulbs must be kept at the same 
temperature and air must be bubbled gradually to ensure that it 
gets saturated with the vapour in each bulb. Dry air is bubbled 
successively through the solution and solvent bulbs as well as 
U-tube. 

Dry air is first bubbled through the solution bulbs. The air as 
it passes through these bulbs takes up an amount of vapour which 
is proportional to the vapour pressure (p,) of the solution at the 
experimental temperature. As the moist air, saturated upto vapour 
pressure p,, passes through the solvent bulbs, it takes up further 
amount of vapour, which is proportional to the difference in vapour 
pressure of the pure solvent and the solution. i.e., p~p, Thus, 
there will be a loss in the weight of bulbs containing solution and 
solvent. The air which has been saturated upto a pressure p is now 
passed through a U-tube containing anhydrous calcium chloride, 
which in turn absorbs all the water vapours. The calcium chloride 
tube is weighed at the end of the experiment. The increase in 
weight of U-tube should be equal to the total loss in the weight of 
solution and solvent bulbs, which in turn is proportional to p. 

Therefore, 

Loss in weight of solution bulbs œ p, 


Loss in weight of solvent bulbs œ p — p, 
Loss in weight of solution bulbs + Loss in weight of solvent bulbs 
œ Ps +p -ps p. 
Gain in weight of CaCl, tube œ p 
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P—Ps _ Loss in weight of solvent bulbs 


p Lossin weight of (solution + solvent) bulbs 


_ Loss in weight of solvent bulbs 
~ Gain in weight of CaCl, tube 

Thus, knowing the loss in weight of solution bulbs and solvent 
bulbs and gain in the weight of CaCl, tube, we can calculate the 
relative lowering of vapour pressure. 

Thus, the molecular weight (m,) of the non-volatile solute can 
be calculated from equation (4) as all the other values are 
known. 

Problem 11. Derive Raoult’s law equation from the 
lowering of vapour pressure. 

Derivation of Raoult’s Law 

According to Wullner, the vapour pressure (p,) of a solution is 

directly proportional to the mole fraction of the solvent, i.e., 


ng 
Poe ae 
Ps ny tng 
no 
or =k. n (1 
Ps nı + ng (1) 


where, k = constant. 
Ifn, =0,p, =p. 


n 
.. From equation (1), p=k. = =k 
2 


Therefore, equation (1) becomes, 


ng 
Pe Pn tng 
Ps ng 
or — = 
p nitno 
Pp n 
or 1-=5=1-—2 
P ni tno 
a P-Pg_MytNg-Ng ny 
P ni + no nı + ngo 


This is Raoult’s law for dilute solutions. 


Problem 12. Show that the lowering of vapour pressure 
is directly proportional to the osmotic pressure. How can 
Raoult’s law be obtained from their relationship? 
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[I] Relation Between Osmotic Pressure and Lowering of Vapour 
Pressure 

Consider a solution contained in an inverted thistle funnel at 
the end of which is tied a semi-permeable membrane (Fig. 11). The 
funnel is dipped in a Bell jar 
chamber containing solution 
and the whole chamber is 
evacuated and is made air 
tight. The system in the 
figure cannot represent an 
equilibrium as the two 
liquids, i.e., pure water and 
solution exert different 
vapour pressures and are in 
contact with the water 
vapours. As water vapours 
exert a higher vapour 
pressure (p), it will pass 
through the vapour phase 
into the solution, having 
vapour pressure, p,. This 
process continues till the 
two vapour pressures 
become equal and a state of 
equilibrium is attained. Due Solution 
to osmosis, the liquid rises Fig. 11. 
in the tube to a certain 
height h. The rise in liquid level brings about dilution of the 
solution. This effect is, however, negligible and the vapour pressure 
of the solution still remains p,. At equilibrium, the hydrostatic 
pressure due to liquid column is equal to the osmotic pressure of 
the solution. The mathematical derivation of the relation between 
lowering of vapour pressure (or relative lowering of vapour 
pressure) and osmotic pressure is carried out as follows: 

Let p and p, be the vapour pressures of the pure solvent and 
the solution, respectively and let P be the osmotic pressure of the 
solution at temperature T of the experiment. The vapour pressure 
P, of the solution is equal to the pressure of the vapour of the pure 
solvent outside the stem at the level of the surface of the solution 
in the stem, i.e., B. 


Semi-permeable 
membrane 


Solvent 
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> P = Ps + hdg 

or P -Ps = hdg ee (1) 
where, h = height of the column of the solution from the surface of 
the solvent, d= density of the vapour at the experimental 
temperature and g= acceleration due to gravity. The osmotic 
pressure (P) of the solution is given by 
where, p = density of the solution and becomes the density of the 
solvent in the case of a dilute solution. 

Dividing equation (1) by equation (2), 


P -Ps S d 
Po ... (3) 
But d =MIV ... (4) 
where, M = molecular weight of solvent and V = molecular volume 


of vapours. 
If the vapour is supposed to obey ideal gas laws, then 
pV =RT, i.e., 


PRE 
P 
Then, from equation (4), 
-Mp 
d= RT 
Substituting the value of d in equation (3), we get 
P ~ Ps Mp 
P  RTọ 
P-Ps _ MP 
=o RIG .. (6) 


From equation (6), it is thus clear that the osmotic pressure 
is proportional to lowering of vapour pressure (p -p,) or 


relative lowering of vapour pressure (= os ) : 


[II] Deduction of Raoult’s Law 
From van’t Hoff theory of dilute solutions, we have 


PV =n,RT 
p="rr (7) 
or = V Ds 


where, nı = number of moles of solute, V = volume of the solvent, 
P= osmotic pressure and T = absolute temperature. 
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Since, V= oo 
where, n = number of moles of solvent. Substituting the value of 
V in equation (7), we get 


Substituting this value of P in equation (6), we get 
P-Ps_ M 1 RTp 
p  RTp` Mn 
P-Ps_™ 
P ng 
This is the modified form of Raoult’s law as applicable to dilute 
solutions, i.e., when n, < < ng. 
NUMERICAL PROBLEMS 


Ex. 1. A current of dry air was passed through a series of 
bulbs containing a solution of 3.458g of a substance in 100 g 
of ethyl alcohol and then through a series of bulb containing 
pure alcohol. The loss in weight of the former and latter 
series of bulbs was 0.9675 g and 0.0255 g, respectively. 
Calculate the molecular weight of the substance. 


Sol. We know that, 
P-Ps _ Loss in weight of solvent bulb 
p Lossin weight of (solvent + solution) bulb 
0.0255 _ 0.0255 
~ 0.9675 + 0.0255 0.9930 


or 


Therefore, 
0.0255 W1M2 3.458 x 46 
0.9930 wom, 100xm, 
(Mol. wt. mg, of ethyl alcohol = 46) 


ae 0.9930 x 2.458 x 46 
1 0.0255 x 100 
= 61.94. 

Ex. 2. Dry air was passed successively through a solution 
of 5 g of a solute in 80.0 g of water and then through pure 
water. The loss in weight of solution and pure solvent was 
2.50 and 0.04 g, respectively. Calculate the molecular weight 
of the solute. 
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Sol. 
P~Ps _ Loss in weight of solvent bulb 
p Loss in weight of (solvent + solution) bulb 
P-Ps_ _ 0.04 _ 0.04 
p  250+0.04 2.54 
Now, P -Ps _ Wm 
P wM, 
0.04 5x18 E 
or 2.54 = 80xm, (Mol. wt. of water = 18) 
2.54 x5 x 18 
or ™1=~9 04x80 7 71.43 


Ex. 3. A current of dry air was bubbled through a bulb 
containing 26.66 g of an organic substance in 200 g of water, 
then through a bulb containing pure water and finally 
through a tube containing anhydrous calcium chloride. The 
loss in weight of water bulb = 0.0870 g. Gain in the weight of 
CaCl, tube = 2.036 g. Calculate the molecular weight of the 


organic substance in the solution. 
Sol P—Ps _ Loss in weight of solvent bulb 


Dp Gain in weight of CaCl, tube 


P -Ps _ Wm 


Now, = 
P WwMı 
0.0870 26.66x18 .. D 
or 2036 200xm, © "218 
z m, = 28-66 x 18 x 2.036 
17 200 x 0.0870 


= 56.15 
Ex. 4. A current of dry air was passed through a series of 
bulb containing a solution of 6.916 g of organic substance in 
100 g of alcohol and then through pure alcohol. The loss in 
weight of former was 0.9675 g and in the latter 0.055 g. 
Calculate the molecular weight of the solute. 
Sol. We know that, 


PPs _ Loss in weight of solvent bulb 
p Lossin weight of (solvent + solution) bulb 
E 0.055 . 0.055 
~ 0.9675 +0.053 1.0225 
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Now, 
P -Ps = wma 
P Wom, 
0.055 6.916 x 46 aoe 
or 1.0225 100xm, (e mamo) 
7 m, = 10225 X 6.916 x46 _ 59 14 


0.055 x 100 
Ex. 5. A current of dry air was passed through a solution 
of 3.50 g of an organic substance in 100 g of a solvent and 
then through pure solvent alone. The former lost 0.975 g and 
latter 0.025 g. Calculate the molecular weight of the solute 
if the molecular weight of solvent is 78. 
Sol. According to Raoult’s law, 
P—Ps_ Loss in weight of solvent bulb 
p Lossin weight of (solvent + solution) bulb 
re 0.025 _ 0.025 
~ 0.025 + 0.975 ~ 1.000 


P-Ps Wymg 


(m,= mol. wt.) 


p wm 
3.50 x 78 
or 0.025 = 100 xm, 
3.50 x 78 
me ™1= F990 x 0.095 ~ 1°? 


Ex. 6. The vapour pressure of a solvent at 25°C is 450 mm 
Hg. When 100 g of a substance is dissolved in 500 g of solvent, 
the vapour pressure of the solution falls to 423 mm Hg. If the 
molecular weight of solvent is 74, what is the molecular 
weight of the solute ? 

Sol. We have p= 450; p, = 423; w, = 100; w, = 500; m; =?; 
Mg = 74. 

PPs W img 

p wm; 
450-423 100x 74 
450. 500xm, 


_ 450 x 100 x 74 


or mı=— 00x27 ` 246.6 
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Ex. 7. 18.2 g of urea was dissolved in 100 g of water at 
50°C. The lowering of vapour pressure produced was 5 mm 
Hg. Calculate the molecular weight of urea. The vapour 
pressure of water at 50°C is 92 mm Hg. 


P-Ps wmz 


Sol. 
P w2Mı 
5 18.2x18 
= 92° 100xm, 
18.2 x 18 x 92 
or m1 = 100 = 60.27 


Ex. 8. The vapour pressure of water at 20°C is 17.50 mm. 
When 100 g of sucrose is dissolved in 1000 g of water, the 
vapour pressure is lowered by 0.090 mm. find out the 
molecular weight of sucrose. 

Sol. We have, p —p, = 0.090; p = 17.50; w, = 100; w= 1000; 
Mo = 18. 

From Raoult’s law of dilute solutions, 
p w; 
0.090 _ _100 x 18 
17.50 1000xm, 


or ie 100 x 18 x 17.50 
1000 x 0.09 
Ex. 9. The vapour pressure of pure water at 0°C is 4.579 
mm of Hg. A solution of lactose containing 8.45 g of lactose 
in 100 g of water has a vapour pressure of 4.559 mm at the 
same temperature. Calculate the molecular weight of 
lactose. 
Sol. We know that 


P-Ps wmo 


or 


= 350.0 


Pp H wom) 
ie 4.579 - 4.559 _ 8.45 x 18 
4.579 ~ 100 x m, 
re tiie 8.45 x 18 x 4.579 _ 348.3 


100 x 0.02 
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Ex. 10. A non-volatile solute was dissolved in water. The 
weight by weight composition of the solution was 15% and 
the solution had a vapour pressure of 95.13 kNm™ at the 
boiling point of solvent at 101.325 k Nm™ pressure. Calculate 
the molecular weight of the solute. 

Sol. We know that 


P-Ps wimg 


p wm; 
or  1018325-95.13_ 15x18 
101.325 100 x mı 
or m= 15 x 18 x 101.325 
100 x 6.195 
= 44.16 


Ex. 11. 6 g of urea (mol. wt. 60) was dissolved in 180 g of 
water at 27°C. Calculate the relative lowering of vapour 
pressure for this solution. 

Sol. According to Raoult’s law, 

P=Ps_wymg 
p wm; 
__6x18 
180 x 60 

“. Relative lowering of vapour pressure = 0.01 

Ex. 12. A solution of 10 g non-volatile solute in 180 g water 
is prepared. If the molecular weight of the solute is 100 g 


mol", what will be the relative lowering of vapour pressure? 


= 0.01 


Sol. elles IP 


Relative lowering of V.P. = 0.01 

Ex. 13. 10 g of a non-volatile solute was dissolved in 100g 
of acetone (mol. wt. = 58) at 25°C. The vapour pressure of 
solution was found to be 189.2 mm Hg. Calculate the 
molecular weight of solute. The vapour pressure of pure 
acetone at 25°C is 195 mm Hg. 

Sol. We have, p, = 189.2; p = 195; w; = 10; w, = 100; m, = 58. 


SOLUTIONS, DILUTE SOLUTIONS AND COLLIGATIVE PROPERTIES 167 


According to Raoult’s law, 


P -Ps 5 wmo 


P wom, 
R 195 - 189.2 10x58 
195 1000xm; 
195 x 10 x 58 
SA min osos M 


Ex. 14. The vapour pressure of water at 50°C is 92 mm. By 
dissolving 18.1 g of a substance in 100 g of water, the solution 
gave vapour pressure which was 87 mm at the same 
temperature. Calculate the molecular weight of the 
substance. 


Sol. Given, p = 92; p, = 87; w, = 18.1; ws = 100; mz = 18 
From Raoult’s law, 
P-—Ps  Ww™m2 
p wm 
92-87 _18.1x18 


g 92 100xm; 
18.1x18 x92 _ 
or n= E i0 59.94 


Ex. 15. The vapour pressure of water at 20°C is 17 mm. 
Calculate the vapour pressure of a solution containing 2 g 
of urea (Mol. wt. = 60) in 60 g of water: 

Sol. According to Raoult’s law, 


P -Ps _ Wm 


P Wom, 
ae 17-ps_ 2x18 
17 50x60 
17x2x18 
oE Ps = 11 -— 20x60 


= 17 - 0.204 = 16.796 
.. Vapour pressure of solution = 16.796 mm. 


Ex. 16. The relative lowering of vapour pressure of 1% 
solution of aniline in diethyl ether was found to be 0.008. 
Calculate the molecular weight of aniline. 


Sol. Given : EB 


= 0.008; w, = 1; w3 = 100. 
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Molecular weight of diethyl ether (C,H;OC,H;) = 74 
According to Raoult’s law, 


P—Ps Wm 


P wMı 
1x74 
or 0.008 = 100 xm; 
1x74 
oF ™1= 9008x100 ~ 95 


Ex. 17. At 20°C, the vapour pressure of ether (mol. wt. = 
74) is 442 mm. At this temperature, the vapour pressure falls 
to 426 mm by dissolving 3 g of compound A in 50 g ether. What 
is the molecular weight of A, if the solution of A in ether is 
assumed to be very dilute? 

Sol. According to Raoult’s law, 

P- Ps Wm 

P Wem, 
where m, = molecular weight of A. 
442-426 3x74 


SE 442 50xm, 
3 x 74 x 442 
or my = ag = 122.65 


Ex. 18. The vapour pressure of a solution containing 
11.346 g of a non-volatile solute A in 100 g of ether (mol. wt. 
74) is 360 mm. If vapour pressure of pure ether is 383 mm, 
calculate the molecular weight of solute. 

Sol. According to Raoult’s law, 


P-Ps _ WM 


P Wm, 
ok 383-360 _ 11.346 x 74 
383  100xm, 
11.346 x 74 x 383 
or m= 100 x 23 = 139.81 


Problem 13. Deduce the relationship between elevation 
of boiling point of solvent and molecular weight of the 
non-volatile solute. 

The boiling point of a liquid is that temperature at which its 
vapour pressure becomes equal to the atmospheric pressure. We 
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know that the vapour pressure of a solution is always lower than 
that of the pure solvent. Thus, the presence of a non-volatile solute 
lowers the vapour pressure and to make it boil we have to increase 
the vapour pressure to the atmospheric pressure by raising the 
temperature. For a solution, this condition is obtained at a 
temperature higher than that for the pure solvent. Therefore, a 
solution of a non-volatile solute always boils at a higher 
temperature than the pure solvent. The difference between the 
boiling point of a solution and the pure solvent is known as the 
elevation of boiling point (AT). 


1 Atmosphere A B Cc 
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Fig. 12. Vapour pressure and temperature curves. 


If we plot the vapour pressure of the pure solvent and two 
dilute solutions of different concentration (say 1 and 2) against 
temperature, a set of curves are obtained as shown in figure (12). 
If atmospheric pressure is represented by line pC, then boiling 
points of pure solvent, solution 1 and solution 2 will be 
T, T, and T., respectively. 


For very dilute solutions, the curves are nearly parallel straight 
lines. The triangles ABD and ACE are similar. Thus, 
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AB _ AD 


AC AE 
T,-T p-py 
or = 
T2-T p-DPo2 


where, p,p, and p are the vapour pressures of pure solvent, 
solution 1 and solution 2, respectively. 

If Ap and AT represent the respective lowering of vapour 
pressure and elevation of boiling point, then, 


AT, _ Ap 
AT, Apa 
or AT œ Ap 


Thus, the elevation of boiling point is proportional to the 
lowering of vapour pressure. 


For dilute solutions, Raoult’s law can be written as, 


or So ip a. (1) 


where, p = vapour pressure of pure solvent, p, = vapour pressure of 
solution, w, = weight of solute of molecular weight m,, w = weight 
of solvent of molecular weight my. 

For the same solvent, m is constant and p, the vapour pressure 
at the boiling point is also constant. So, 


Wy 
= constant x 


Ap = pm. 
P =Pm2- wam; Ww Mı 


Ap œ 
á wgmy 


But we know that, Ap = AT 
wi 
wgmy 


AT œ 


Wy 


or AT=k. .. (2) 


Wem) 
where, k is a constant known as boiling point constant. 
If w,/m, = 1 and wz = 1 g, then from equation (2) 
k=AT 
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So, boiling point constant is defined as the elevation in 
boiling point produced by dissolving 1 mole of a solute in 1 g of a 
solvent. 

If w,/m, = 1 and w, = 100 g, then from equation (2), 

k 
100 ar 
or Kioo or K=AT,wherek=100K or 100 Kioo 
where, K or Kyo) is another constant, known as molecular 
elevation constant. It is defined as, the elevation in boiling point 
produced by dissolving 1 mole of a solute in 100 g of a solvent. 
Thus, replacing k by K in equation (2), we get 


100 Kw, 
= —— .. (3) 
wegmy, 
If w;/m; = 1 and w, = 1000 g, then from equation (2), 
k 
1000 ~ 47 
or K; = AT, where k = 10005, 


where, K, is a constant, known as molal elevation constant or 
ebullioscopic constant. It is defined as, the elevation in boiling 
point produced by dissolving 1 mole of a solute in 1000 g of a 
solvent. 

Replacing k by K, in equation (2), we get, 

1000 K,w, 
T =—_—__—_—— 
wom 

Equations (2), (3) and (4) are different expressions connecting 
the elevation in boiling point and molecular weight of dissolved 
substance. 

Problem 14. From thermodynamics point of view, derive 
a relation between elevation of boiling point and molecular 
weight of a non-volatile solute. 

Or, From thermodynamics point of view, derive a relation 
between lowering of vapour pressure and elevation of boiling 
point. 

It is a well known fact that the boiling point of the pure solvent 
is elevated when a non-volatile solute is added to it. If a vapour 
pressure-temperature curve is drawn then the curves as shown in 
figure (13) are obtained. The three curves are for pure solvent, 
dilute solution I and dilute solution II, respectively. Evidently, T 
the temperature at which the vapour pressure (p) of the solvent is 
equal to the atmospheric pressure gives the boiling point of the 
pure solvent. 


.. (4) 
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Atmospheric 
pressure 


The vapour pressure of solution I 
at the same temperature T, is p, which 
is, however, less than the atmospheric 
pressure. It will not boil at this 
temperature. As seen from the figure, 
the solution I will boil at a 
temperature 7, when its vapour 
pressure also rises to p. Similarly, 7, 
is the boiling point of solution II when 
its vapour pressure (ps) becomes equal 


to p. Tat Mk 4 Fig. 13. Vapour pressure- 
For liquid-vapour equilibrium temperature curves. 


Clausius-Clapeyron equation can be 
written in the form, 


Vapour pressure ————> 


T I T 
Temperature ———> 


dlogp _ Le 
dT RT 
dp _ Le 
or -E =—~ dT .. (1) 
P RT 


where AH, = L, = latent heat of evaporation of 1 mole of solvent 
from the solution. 

Assuming L, to be constant over a small range of temperature 
near the boiling point, we integrate equation (1) between 
temperature limits T and T, and ii presure p, and p. Thus, 


” dp. Ti Le op 

Py T aa 

Le(1 1 

piefl 1 

loges -F(T Ti 
“R| T ie 


Evidently, (T, - T) is the elevation in boiling point which is 
represented by AT. Further, for a dilute solution, T and T) are not 
far apart from each other, i.e., T =T. So, equation (2) can be 
written in the following form, though approximately. So, 


log, =- == .-—> n (8 
Be p (3) 
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or log, F aE {As log (1 — x) =- x, when x is small} 
1 
Therefore, equation (3) becomes, 
P-pi Le AT 
Doe we (4) 
p RP 


From equation (4), it is clear that lowering of vapour 
pressure (p - p,) is proportional to the elevation of boiling 
point, AT. As proved already, the lowering of vapour pressure is 
also proportional to the osmotic pressure. Hence, the elevation of 
boiling point is also proportional to osmotic pressure. 

According to Raoult’s law, the relative lowering of vapour 
pressure is equal to the mole fraction of solute. In case of a dilute 
solution, we have 

P= eek 

P No 
where, n, and nz are the number of moles of solute and solvent, 
respectively and p, is the vapour pressure of the solution. So, 


equation (4) reduces to 


ny ole AT 
ng -R T? 
2 
or AT = ts = 
L na 
If w, g of solute be dissolved in w, g of solvent, then, 
Wy We 
ny==— and ng=-— 
my mo 


where, m; and m, are the molecular weights of solute and solvent, 


respectively. So, 

RT? w/m, RT? wim, 
Le i W/M Le ` WM 

If J, is the latent heat of vaporisation per gram of solvent then 


. (5) 


AT = 


L 
l, =—. So, equation (5) can be written as 
mz 


AT = = ... (6) 


For a given solvent at its boling point T and l, are constants. 
So, from equation (6) 


174 PHYSICAL CHEMISTRY-lil 


Wy 
or AT = constant x 
wa mı 
kwi 
or AT = .. (7) 
wan, 


w 
where k is constant known as elevation constant. If m5 1 and 
1 
w=1g then k=AT. So, elevation constant is defined as the 
elevation in bciling point produced by disolving 1 g of solute 
in 1g of solvent. 
If 1 mole of a solute is dissolved in 100 g of the solvent, i.e., 


w 
— = 1, w = 190, then equation (5) becomes, 


1 
ar = BT =K or Kioo .. (8) 
7. 


where K is known as molecular elevation constant. K or Kioo is 


défined as the elevation of boiling point produced by 
dissolving 1 mole of a solute in 100 g of solvent. 
Therefore, combining equations (6) and (8), we get 


100 Kw, 
AT = — w+. (9) 
wom, 
If 1 mole of a solute is dissolved in 1000 g of the solvent then, 
RT? 
AT = T000 7 É? ... (10) 


where K, is known as molal elevation constant. K, is thus defined 
as the elevation of boiling point produced by dissolving 1 
mole of a solute in 1000 g of solvent.’ 
Therefore, combining equations (6) and (10), we get 
T- 1000 K, wı 
wmı 


>. (11) 


Equations (7), (9) and (11) are the required relations between 
elevation of boiling point and molecular weight of solute. 


Problem 15. (i) Define molal elevation constant. 
(Meerut 2007, 05) 
(ii) How molal elevation constant is related to latent heat 
of vaporisation? Describe the method used for determining 
the molecular weight of a non-volatile solute by the boiling 
point method. 


SOLUTIONS, DILUTE SOLUTIONS AND COLLIGATIVE PROPERTIES 175 


[I] Molal Elevation Constant (K,) 


It is defined as the ‘elevation in boiling point produced by 
dissolving one mole of a solute in 1000 g or 1 kg of a solvent.’ For 
example, K, for water is 0.518° which means that when 1 mole of 


any solute is dissolved in 1000 g of water the elevation of boiling 
point will be 0.518”. 


[lI] Relation Between Molal Elevation Constant (K,) and Latent 
Heat of Vaporisation (L,) 


van’t Hoff showed that by thermodynamical reasoning, we can 
obtain the following expression : 


_ RP 
= TO00L, 


where, T = boiling point of the solvent on the absolute scale, 
R = gas constant and L, = latent heat of vaporisation per gram of 
solvent. As R = 2 calories, 
0.0027” 
The unit of K, is degree. 


Ky 


[Ill] Determination of Molecular Weight of a Non-Volatile Solute 


Though a number of methods, eg., Beckmann’s method. 
Cottrell’s method etc. are available for determining the molecular 
weight of a non-volatile solute, the most convenient method 
generally employed in the laboratory is Landsberger’s method. 


In Landsberger’s method, the liquid is heated to its boiling 
point by passing the vapours of the pure boiling solvent into it. 
When the vapour is condensed, it gives out its latent heat of 
vaporisation which heats the liquid to its boiling point without any 
danger of super-heating. 


The apparatus (Fig. 14) consists of a vapour generating flask 
in which solvent is taken and boiled. An inner boiling tube is taken 
and has a bulb with a hole in the side and is graduated in mL. It 


* In case of water, T = 100 + 273 = 373 K; L, = 537 calories and so 
_ 0.002 x 373 x 373 


Ky 537 


= 0.518" 
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is fitted with an accurate thermometer (graduated to 0.01°) and a 
glass tube with a bulb blown at the end which has many holes in 


Boiling soivent 


RT HA IIIA 


Prititi tty 


Hole 


Graduated 
tube 


Hot vapour 
jacket 


Solvent 
or 
solution 


Na 
To condenser 


Fig. 14. Landsberger’s apparatus. 


it. This bulb is known as rose head. It ensures uniform distribution 
of solvent vapours into the solvent. The inner tube is surrounded 
by an outer jacket which receives hot vapours from the inner tube 
through the hole. This jacket forms a protecting jacket and 
prevents loss of heat from the inner tube due to radiation and it 
further protects it from draughts of air. 

In the actual experiment, about 7-8 ml of pure solvent is taken 
in the inner tube and vapours from vapour generating flask are 
passed into it. After sometime the liquid begins to boil. As soon as 
the temperature becomes constant, the thermometer reading is 
taken. This gives the boiling point (T) of the pure solvent. Now the 
supply of solvent vapour is cut off temporarily and a weighed 
amount (w,) (say 0.5-1.0 g) of a non-volatile solute whose molecular 
weight is to be determined is added into the inper tube. The boiling 
point (T,) of the solution is then taken as before. Immediately after 
the temperature is read off, the rose-head and thermometer are 
raised out of the solution and the volume of the solution noted. 

The molecular weight (m,) of the non-volatile solute is then 
calculated by the expression : 
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1000K,w 1 
j wom, 
1000K;, wy 

Wg. AT 


Knowing all the values of right hand side, we can easily 
calculate m,. 


or mı = 


NUMERICAL PROBLEMS 


Ex. 1. (a) Calculate the value of K, for water given that 
pure water boils at 100° C and latent heat of its vaporisation 


is 540 cal g`’ (R = 2 calories). (Meerut 2005) 
(b) Calculate the molal elevation constant for water. The 
latent heat of vaporisation is 536 calories per gram. 


Sol. (a) Boiling point of water 
(T) = 100°C = 100 + 273 = 373 K 
Latent heat of vaporisation of water (L,) = 540 cal/g. 
RT — 2x (373)? | À 
ne 1000L, 1000 x 540 ~ vane 
(b) We know that, 
RT? 2x(373)? 
= 1000L, 1000 x 536 
Ex. 2. A solution containing 2.44 g of a solute dissolved 
in 75 g of water boiled at 100.413°C. Calculate the molecular 
weight of the solute. (Kio = 0.52°C). 
Sol. w, = 2.44; w = 75; m; = ?; AT = 100.413 - 100 = 0.413° 
1000K,w, 
_ wmi 
1000K,w 1 
Wo. AT 
_ 1000 x 0.52 x 2.44 
~ 75 x 0.413 
Ex. 3. On dissolving 0.51 g of a substance A in 30.0 g of 
chloroform, its boiling point was raised by 0.30°C. The molal 


elevation constant of chloroform is 3.9°C per 1000 g of 
chloroform. Find the molecular weight of A. 


K, = 0.52° 


AT 


or my,= 


= 40.96 
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Sol. w, = 0.51; w, = 30; m, =?; AT = 0.30; K = 3.9". 


1000K,w; _ 1000 x 3.9 x 0.51 
wg. AT — 30 x 0.30 

Ex. 4. 3 g of camphor added to 25.2 g of chloroform raised 

the boiling point of the solvent by 0.299°C. Calculate the 
molecular weight of camphor, if K, of chloroform is 0.38°. 


Sol. w, = 3.0; w, = 25.2; m; = ?; AT = 0.299"; K, = 3.80° 
1000K,w; _ 1000 x 0.38 x 3 
w. AT — 25.2 x 0.299 

Ex. 5. The molal elevation constant for water is 0.52°. At 
what temperature will a solution contain 5.60 g of glucose 
per litre boil? 

Sol. w, = 5.6; wa = 1000; m, = 180; T = ?; Kioo = 0.52°. 

T= 1000Kpw1 _ 1000 x 0.52 x 5.6 
~ Wg.m, 1000x180 


Boiling point of solution = B.pt. of solvent + AT 
= 100 + 0.0161 = 100.0161°C 

Ex. 6. Calculate the boiling point of a solution containing 
0.4560 g of camphor (mol. wt. = 152) dissolved in 31.4 g of 
acetone (b. pt. = 56.30°C), if the elevation constant per 1000 g 
of acetone is 1.72". 

Sol. w, = 0.4560; w, = 31.4; AT = ?; m; = 152; Ky999 = 1.72”. 
1000K,w, _ 1000 x 1.72 x 0.4560 
Nowe (ea | ee be 


Boiling point of the solution = 56.30 + 0.164 = 56.464°C 

Ex. 7. A solution of 1 g phenol in 50 ml of ether (density 
= 0.714) boiled at a temperature 0.63° higher than the boiling 
point of ether. The molal elevation constant of ether is 2.12°. 
Calculate the molecular weight of phenol. 


1000K,w, _ 1000 x 2.12 x 1.0 
We. AT 500.714 x 0.63 


Ex. 8. The boiling point of acetone is 56.38° C. A solution 
of 0.564 g of a compound in 16 g of acetone boiled at 56.75°C. 
What is the molecular weight of the compound? (Molecular 
elevation for acetone = 1.67° per 1000 g). 


= 221 


We know that, m; = 


= 151.39 


Now, Am = 


Now, = 0.0161 


=0.14 


= 94.26 


Sol. Now, m; = 
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Sol. We know that : 
_ 1000K, w 
maT Wg. AT 
Here, K, = 1.67; w, = 0.564; wa = 16; AT = 56.75 — 56.38 = 0.37° 
_ 1000 x 1.67 x 0.564 
mS 16 x 0.37 
Ex. 9. 10 g of substance dissolved in 100 g of water raised 
its boiling point by 0.98°C. Calculate the molecular weight of 


the substance. Molecular elevation constant for 1000 g of 
water = 0.52”. 
Sol. We know that : 
_ 1000K, wy 
m= W2. AT 
Here, K = 5.2; w1 = 10; wg = 100; AT = 0.98. 
1000 x 0.52 x 10 
mio- = 
100 x 0.98 
Ex. 10. The boiling point of acetone is 56.38° at 750 mm 
barometric pressure. Solution of 0.707 g of a compound in 
10g of acetone boils at 56.88°. What is the molecular weight 


of the compound? Molecular elevation constant for acetone 
is 1.67° for 1000 g of solvent. 


Sol. We know that : 


= 159.1 


= 53.06 


z 1000K, WwW, 
m= w. AT 
Here, K, = 1.67; w, = 0.707; w, = 10; AT = 56.88 — 56.38 = 0.5° 
Wis 1000 x1.87x0.707 - 236.13 


Ex. 11. Calculate the molecular weight of the compound 
if the addition of 1.0 g of this compound to 50 g of benzene 
raises the boiling point of benzene by 0.3° C. K, for 1000 g of 


benzene is 2.58". 
Sol. We know that : 
1000K, Wy 
Wo. AT 
Here, K, = 2.58; w, = 1.0; w = 50; AT = 0.3 
oe 1000 x 2.58 x 1 _ 
50 x 0. 


mı = 


172 
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Ex. 12. The boiling point of chloroform is increased by 
0.323°C by dissolving 1.0286 g of a substance in 70 g of 
chloroform, Calculate the molecular weight of the substance, 
(K, = 3.9°C). 
1000K,w, 

Ww AT 
_ 1000 x 3.9 x 1.0286 
7 70 x 0.323 

Ex. 13. Molal elevation constant of chloroform is 3.63 kg 
mole™. A solution of some organic solute in this solvent boils 
at 0.15 K higher than chloroform. What is the molality of the 
solution ? 

Sol. Molality of a solution is defined as the number of moles of 
solute (w,/m,) dissolved in 1000 g or 1 kg of solvent. 
1000K,w Wy AT 

Wem, ` wom, 1000K, 
Wy 0.15 
mıx 1000 1000 x 3.63 
Molality = 0.041 m 
Ex. 14. The latent heat of vaporisation of CS, is 85.9 cal 
and its boiling point 46.2°C. The solution of 0.938 g of benzoic 
acid in 50.0 g CS, boiled at 47.387°C. Caiculate the molecular 
weight of benzoic acid in the solution. 

Sol. We have : L,=85.9; T=46.2 + 273 =319.2 K; m, =?; 

w = 0.938; w, = 50.0; AT = 47.387 — 46.20 = 1.187° 


RT? _ 2x(319.2)" 
1000L, 1000 x 85.9 
1000K, wı _ 1000 x 2.372 x 0.938 
Nowa Aa Boe Liat TR 
Ex. 15. A solution containing 6.0 g of a solute dissolved 
in 250 ml of water gave an osmotic pressure of 4.5 
atmospheres at 27°C. Calculate the boiling point of the 
solution. The molal elevation constant for water is 0.52". 
Sol. From the first part of the question, we will calculate the 
molecular weight of the solute by means of the equation 


aia 
= ny Fr 1) 


Sol. We know, m, = 


= 177.42 


We know that, AT = 


or = 0.041 


We know that, K, = = 2.372 
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P = 4.5; w =6.0;m=?; V = 0.25 litre; R=0.0821; T = 273 + 27 
= 300 K 


pots wRT _ 6 x 0.0821 x 300 
— PV = 4.5x0.25 


For the second part of the question, we have 


1000K, w1 _ 1000 x 0.52 x 6 
We.m, 250x 131.3 


. Boiling point of solution. = B. pt. of solvent + AT’ 
= 100 + 0.095 
= 100.095°C 


Problem 16. Derive a relationship between the depression 
of freezing point and the molecular weight of a non-volatile 
solute. 


The freezing point of a liquid is that temperature at which the 
liquid form and its solid form remain in equilibrium. This is so 
when vapour pressures of hoth the forms are equal at the same 
temperature. Therefore, freezing point of a liquid is that 
temperature at which the vapour pressures of the liquid and that of 
its solid form become equal. 

The lowering of vapour pressure due to dissolving of a solute 
causes the solution to freeze at a lower temperature, because at the 
freezing point of a liquid, its vapour pressure becomes equal to that 
of its solid form which separates out and is in equilibrium with its 
liquid phase. The solid form has a higher vapour pressure when it 
remains in equilibrium with the pure solvent at its freezing point. 
So, it may be concluded that the freezing point of the solution is less 
than that of the pure solvent. The 
difference between the freezing 
points of solvent and solution is 
called the depression in freezing 
point (AT). 

On plotting a graph between 
the vapour pressure and 
temperature for a pure solvent, we 
get a curve AB (Fig. 15). There is a 
sharp break in the curve at B, below 
which the vapour pressure- 
temperature curve exhibits a sharp rT 
decrease in vapour pressure with a Temperature —> 
decrease in temperature. This Fig. 15. Vapour pressure- 
indicates the existence of a solid temperature curves. 


= 131.3 


AT = = 0.095° 


X 


‘az! 


Vapour Pressure ——> 
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along the part BB’ of the curve. At B, the liquid and solid phases 
co-exist and thus the temperature (T) corresponding to this point 
is the freezing point of the pure solvent. The vapour pressure- 
temperature curves for solutions 1 and 2 of different concentrations 
are as shown. Points F and C correspond to the freezing points of 
the solutions 1 and 2 which are T) and T,, respectively. 


For very dilute solutions, the curves are nearly parallel straight 
lines. The triangles BFD and BCE are similar. Thus, 


or 


where, p,p, and p, are the vapour pressures of pure solvent, 
solution 1 and solution 2, respectively. 

If Ap and AT represent the lowering of vapour pressure and 
depression in freezing point, respectively, then 


AT, Ap 
AT2 Ape 
or AI œ Ap 


Thus, the depression in freezing point is proportional to 
the lowering of vapour pressure. 
For dilute solutions, Raoult’s law can be written as 
P -Ps 3 wma 
P wom, 
wma 


or = iene .p ... (1) 


where, p= vapour pressure of the pure solvent, p,= vapour 
pressure of solution, w= weight of solute of molecular weight 
Mı, W = weight of solvent of molecular weight ms. 

For the same solvent, m, is constant and p, the vapour pressure 
at the freezing point is also constant. So, 


= constant x 
Wwa Mı wmi 


Ap =pm32. 


But we know that Ap œ AT 
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k 
71 .. (2) 


or A 
wom, 


where, k is a constant known as freezing point constant for the 
solvent. 

If w,/m, = 1 and w, = 1 g, then from equation (2), k = AT 

So, freezing point constant is defined as, the depression in 
freezing point produced by dissolving 1 mole of solute in 1 g of a 
solvent. 

If w,/m, = 1 and w, = 100 g, then from equation (2), 

aT = he = K or Kioo 

or k=100K or 100K100 
where, K or Kio is another constant, known as molecular 
depression constant. It is defined as, the depression in freezing 
point produced by dissolving 1 mole of solute in 100 g of a solvent. 

Thus, replacing k by K in equation (2), we get 

100 Kw; 


wmi 


AT .. (3) 


If w,/m, = 1 and w, = 1000 g, then from equation (2), 
AT = a = Kf or Kı000 where k = 1000K;= 1000K1000 


where, Ky (or Kyo99) is a constant known as molal depression 
constant or cryoscopic constant. It is defined as, the depression 
in freezing point produced by dissolving 1 mole of solute in 1000 g 
of a solvent. 

Thus, replacing k by Ky in equation (2), we get 

1 
Wom 

Equations (2), (3) and (4) are different expressions connecting 
the depression in freezing point and molecular weight of a dissolved 
substance. 

Problem 17, From thermodynamics point of view, derive 
a relation between depression of freezing point and 
molecular weight of a non-valatile solute. 

Or, From thermodynamics point of view derive a relation 
between the lowering of vapour pressure and depression in 
freezing point. 

The lowering of vapour pressure due to dissolving a solute 
causes the solution to freeze at a lower temperature. This is 
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because at the freezing point of the liquid, its vapour pressure 
becomes equal to the vapour pressure of its solid form which 
separates out and remains in equilibrium with the liquid phase. 
This solid phase has a higher vapour pressure when it remains in 
equilibrium with the pure solvent at its freezing point. So, it may 
be concluded that the freezing point of a solution is always less 
than that of the pure solvent. 
The above fact is clearly 

shown in fig. (16) in which | P 
vapour pressure-temperature 


curves of the pure solvent, solid 5 P 
solvent and dilute solution are 2 
given. In the figure, the vapour 5. 
pressure curves of a solvent in 3 
the liquid and solid states, are S 


seen to meet at the point A. 
Then, at the corresponding 
temperature T, the solid and 
liquid states have the same 
vapour pressures. Therefore, T Fig. 16. Vapour pressure-tempera- 
represents the freezing point of ture curves. 
the solvent. As the vapour pressure of the solution is less than that 
of the pure solvent, the vapour pressure curve of the solution 
always lies below that of the pure solvent. This curve is seen to 
meet the vapour pressure curve of the solvent at the point C, which 
lies below A. Therefore, T; which lies below T, gives the freezing 
point of the solution. Evidently, (T - T,) represents the depression 
in freezing point of solution. 

For liquid-vapour equilibrium, Clausius-Clapeyron equation 
can be written in the following form 


Tı T 
Temperature ——> 


dlogp _ L, 
dT RT? 
dp _ Le gr 1 
or p RT . (1) 


where L, is the latent heat of vaporisation for 1 mole of solvent. 
Integrating equation (1) between proper limits, we have, 


joe- Tı Le op 
Pi P T RT? 
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Po lef 1 1 

or We | aa 
Po Le Tı-T 

or log — = .. (2) 
8p,” Rl TT, ( 


where, pọ is the vapour pressure of the solution at T and p; is the 
vapour pressure of the solution at B. 
Similarly, for solid-vapour equilibrium, we have, 


log, — = .- (3) 


where, L, is the molar latent heat of sublimation of the solid. 
Subtracting equation (2) from (3), we get, 


ea R TT, 
Bi Fp Est 
or log, p R| TT; .. (4) 


where L, is the molar latent heat of fusion and is equal to (L; -- Le). 
As T is greater than T, therefore, equation (4) can be written 


as, 
p_if{T-T 
ee = H 
L 
Bie AT 
or log, = = 5. Fr [As T - T; = AT} 
Ben, R TT; 1 


The values of T and T, are close to one another, because the 
solution is dilute. So, we can write T = T}, therefore, 


Lf aT 
log, L =£, 2E ma 
Be a, R% (5) 
Pi P-P 
Now, log, 2 =- logg =- log | 1 - 
Ro Se al > | 
Sore (pee A A ay sa 22k 
P P 


[Remembering that — log (1 - x) =x, when x is small quantity] 
So, equation (5) can be written as, 
p-Pi_L¢ AT 
p RPE 


.. (6) 
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From equation (6), it is clear that lowering of vapour 
pressure (p -p is proportional to depression of freezing 
point (AT). As lowering of vapour pressure is also proportional to 
osmotic pressure, we can say that depression of freezing point 
is also proportional to osmotic pressure. 


For dilute solution, Raoult’s law is given by 
p-p ™m 
P n 
where, n, and n, are the number of moles of the solute and solvent, 
respectively. So, 


or AT = — .—— 


If w, g of a solute of molecular weight m, is dissolved in W g 
of solvent of molecular weight m, then n,=wW,/m, and 
Rg = Ww3/ Mə. 

w,/m, RT? _wm, RT? 


Therefore, TES ; a aa iF 


If J; is the latent heat of fusion per gram of solvent, then 


_ w, RT 
~ wen," lọ 


.. (7) 


For a given solvent at its freezing point, T and /; are constants, 
so from equation (7), 


w 
AT = constant x = —— ... (8) 
Wem, Wom, 


w 

where k is a constant known as depression constant. If = =1, 
1 

w,=1g then k=AT. So, depression constant is defined as the 


depression of freezing point produced by dissolving 1 mole of 
a solute in 1 g of the solvent. 


If =a = 1 and w, = 100 g, then from equation (8), 
1 
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AT = gees Kioo or K 
100 ° 100 
where K (or Kio) is also a constant and is known as molecular 
depression constant. So, K (or Kioo) is defined as the ‘depression 
of freezing point produced by dissolving 1 mole of a solute in 
100 g of the solvent’. Therefore, from equation (8) 


AT =— ... (9) 


w 
If FR = 1 and w = 1000 g, then from equation (8), 
1 


k 
AT = 100 = Ki000 or Kr 


So, K;(or Kyo99) is known as molal depression constant or 
cryoscopic constant. So, K; (or Kio) is defined as the depression 


of freezing point produced by dissolving 1 mole of a solute in 
1000 g of the solvent. Therefore, from equation (8) 


_ 1000 Kpw, 
Tal 
Equations (8), (9) and (10) give the relations between 
depression of freezing point and molecular weight of solute. 
Problem 18.: Explain what is meant by molal depression 
constant of solvent ? How it is related to latent heat of 
fusion? Describe a method for determining the molecular 
weight of a substance by depression in freezing point. Can 
you determine the normal molecular weight of sodium 
chloride by this method? If not, explain why? 


... (10) 


[I] Molal Depression Constant (K,) 


It is defined as the ‘depression in freezing point produced by 
dissolving 1 mole of a solute in 1000 g or 1 kg of solvent.’ For 
example, K; of water is 1.86°, which means that when 1 mole of any 
solute is dissolved in 1000 g of water, the depression in freezing 
point is 1.86’. 


[II] Relation Between Molal Depression Constant (K,) and 
Latent Heat of Fusion (L,) 


vant’ Hoff showed that by thermodynamic reasoning, we can 
obtain the following expression : 
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a RT? 

f 1000L¢ 
where, T = freezing point of the solvent on the absolute scale, 
R= gas constant, L;= latent heat of fusion per gram of solvent. 


As R = 2 calories, 


_ 0,002 7? 

Kr= i 

[II] Determination of Molecular Weight of Non-Volatile 
Substance 


Though a number of methods., e.g., Rast’s camphor method, 
Beckman’s method etc. are available for determining the molecular 
weight of a non-volatile solute, the most convenient method 
generally and widely employed in the laboratory is Beckmann’s 
method. 


The apparatus as shown in figure (17) consists of an inner 
freezing point tube fitted with a Beckmann thermometer (it can 
read upto 0.01°) and a stirrer. This tube is fitted with a side tube 
(T) for introducing the solute. 

The freezing point tube is 
surrounded by an outer glass 

tube which serves as an air 
jacket and ensures a slow and 
uniform rate of cooling of liquid 

in the inner tube. The whole Stirrer 
apparatus.is enclosed in a glass 
jar containing freezing mixture 
and is provided with a stirrer. 


In the actual experiment, 20g 
of the pure solvent (water) is 


a 
id 


Beckmann 
thermometer 
«—— Cork-tipped 
stirrer 


a) 


§<+— Side tube (T) 


ZA 
SSS ORR RRR SRR EAR 


ere 
taken in the inner freezing tube Ra H R Freezing 
and stirred gently. The NS HIH B point tube 
movement of the mercury thread esas EJ P Oute 
in Beckmann thermometer is PAX E M aa 
watched carefully. The NISN pate: Licei 
temperature first falls below the SESEO mixture 


then stirred and as the solvent 


* For water : L= 80 calories and T = 0 + 273 = 273 K 
_ 0.002 x 273 x 273 


80 = 1.86 


Therefore, K; 
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starts solidifying, the temperature rises rapidly and finally 
becomes stationary. This temperature is noted. Let it be T”. 

The freezing point tube is taken out of the freezing mixture and 
the solvent is melted. A weighed amount of the solute (w,), whose 
molecular weight is to be determined is then added through the 
side tube. The experiment is repeated as before and freezing point 
of the solution is noted. Let it be TÝ. The depression in freezing 


point (AT) will then be (T - 7,)’. 
The molecular weight (mı) of the non-volatile solute is then 
calculated from the expression : 


T= 1000K; w: 
wom, 
_ 1000 Kw 
or mı wz. AT 


Knowing all the values of right hand side, we can easily 
calculate m4. 


[IV] Molecular Weight of Sodium Chloride 

The molecular weight of sodium chloride cannot be determined 
by the above method. The reason is that sodium chloride is an 
electrolyte and so it dissociates in solution giving greater number 
of particles of the solute than if it were not dissociated. As the 
depression in freezing point is proportional to the number of 
molecules of the solute, the results are thus abnormal, i.e., the 
observed molecular weight is not equal to the normal molecular 
weight (58.5) and the former is always less than 58.5. 

NUMERICAL PROBLEMS 


Ex. 1. Calculate the molal depression constant of water, 
if the latent heat of fusion of ice at 0°C = 80 cal/g. 


Sol. Latent heat of fusion (L,) = 80.0 cal/g 
Freezing point of water (T) = 0°C = 0 + 273 = 273 K 


RT? 2x (2738)? _ ; 
Bp 1000L, 1000 x 80 — sii 


Ex. 2. An aqueous solution containing 3.33 g of urea per 
250 g of water freezes at —0.413°C. Calculate the molal 
depression constant of water. 

Sol. w, = 3.33; w, = 250; AT = 0 - (- 0.413°) = 0.413; m, of urea 
= 60; Kyo00 =? 
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1000w, ~ 1000x3.33 
Ex. 3. 1.55 g of a substance dissolved in 40 g of benzene 
lowered the freezing point of benzene by 0.55°C. Calculate the 
molecular weight of the substance (K; for benzene is 5.22° per 
1000 g). 
Sol. w, = 1.55; w = 40; AT = 0.55; m, =? 


mn 1000K;. w _ 1000 x 5.22 x 1.55 
= WAT ~ 40x0.55 


Ex. 4. 1.355 g of a substance dissolved in 55 g of acetic 
acid produced a depression of 0.618°C in the freezing point. 
Calculate the molecular weight of the dissolved substance. 
The molecular depression constant of acetic acid is 3.85° per 
1000 g. 

Sol. w, = 1.355; ws = 55; AT = 0.618°; Kiooo = 3.85°; m, =? 

_ 1000 x 3.85 x 1.355 
~~ §5 x 0.618 

Ex. 5. How many grams of methyl alcohol must be added 
to 10 litre tank of water to prevent its freezing at - 5°C? The 
molal freezing point constant for water is 1.86". 

Sol.. Let w,g of methyl alcohol be added. Then; 
w = ?; w = 10,000 c.c. = 10,000 g; AT = 0 - (- 5) = 5°; Kp= 1.86°; mı 
(of CHOH) = 12+ 3 + 16 + 1 = 32. 


Ww.m,.AT _ 10,000 x32x5 
1000K; 1000 x 1.86 


Ex. 6. The osmotic pressure of a solution containing 1 g 
mole cane sugar is 5 atmospheres at 50°C. Calculate the 
freezing point, assuming the solution to be dilute. The latent 
heat of fusion of water is 80 cal/g. 

Sol. From the first part of the question, we will calculate the 
value of V, i.e., volume of solution, from the equation : 


Now, my, = 367.7 


Now, mı = 153.4 


Now, w= = 860.21 g 


PV =nRT 
or V = BRE _ 1x0.0821x823 — 5,30 litre 


Since the solution is dilute, its density is approximately equal 
to unity, hence the weight of the solution = 5300 g. Now, we know 
that, 
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RT? _2x (323) _ ig. 
~ 100L¢” 100x80 ~~ 
We also know that, 


100Kw, 
AT = 


Wem, 

Since 1 g mole of cane sugar is dissolved, w,;= molecular 
weight = 342. 
100 x 18.6 x 342 o 
~ 5300x342 7O35 

Freezing point of solution 

= F. pt. of water — AT = 0 — 0.35 = — 0.35°C 

Ex. 7. The freezing point of a solution of 0.3210 g 
naphthalene in 52.12 g of benzene is 5.15, whereas the 
freezing point of pure solvent is 5.40°. If the molecular 
depression per 1000 g of solvent is 5.12‘, find the molecular 
weight of naphthalene. 

Sol. w, = 0.3210; w= 52.12; K;= 5.12; 

AT = 5.40 - 5.15 = 0.25°; m; =? 
1000Krw; _ 1000 x 5.12 x 0.3210 
Wg. AT 52.12 x 0.25 

Ex. 8. 15 g of a substance dissolved in 150 g of water 
lowered its freezing point by 1.2° C. Find out the molecular 
weight of the substance. The molal depression constant for 
water is 1.85° (1000 g). 

Sol. We have, 


AT = 


my = = 126.13 


B 1000Kr wy 
Wo. AT 
Here, Ky= 1.85; wy = 15; wg = 150; AT = 1.2 
ck 1000 x 1.85 x 15 
1” 150 x 1.2 
Ex. 9. The freezing point of pure benzene is 5.4°C and that 


of a solution containing 2.0 g of a solute per 100 g of benzene 
is 4.40°C. Calculate the molecular weight of solute (Kioo for 


benzene = 5°). 
Sol. We have, 


= 154.16 
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fei 1000K; w 1 
Wo. AT 
Here, K; = 5; w; = 2; wg = 100; AT=5.4-4.4=1 
ee 1000 x5 x2 
17 100 x1 
Ex. 10. Calculate the freezing point of the solution 
produced by dissolving 3.42 g of cane sugar of molecular 
weight 342 in 50 g of water. Latent heat of fusion of ice is 79.6 
cal/g. 
Sol. Freezing point of water (T) = 0°C = 0 + 273 = 273 K 
Latent heat of fusion (L,) = 79.6 cal/g 


2 
K;= RT 2x0 Re 
1000L; 1000 x 79.6 


Also, wy = 3.42; wg = 50; my = 342; AT =? 


1000K; w 
T= ia daa S 1000 x 1.872 x 3.42 -0.374° 
W2.M} 50 x 342 


Freezing point of solution = Freezing point of water — AT 
= 0 - 0.374 = - 0.374°C 

Ex. 11. On dissolving 0.8021 g of hydroxy benzaldehyde 
(C,H,O,) in 20 g of naphthalene (f. pt. = 80.1°C) the freezing 
point depression was found to be 0.232°C. Find out the molal 
depression, constant and the latent heat of fusion per gram 
for naphthalene. 

Sol. Molecular weight of C,H,O,.=7x12+6x1+2x16 
= 122. 

We have, w; = 0.8021; w, = 20; m, = 122; AT = 0.232; K;=? 


_We.my,-AT 20x 122 x 0.232 


= 100 


Kr= 1000. mı  1000x0.8021 ~ pee 
_Ww.mı.AT _20 x 122 x 0.232 _ 
K= 7000. mı  1000x0.8021 ` 0-105 
RT? 
We know that, K= T0002; wit (1) 


T ~ 80.1 + 273 = 353.1 K; Lf=? 


Da RT? _ 2x (353.1)" 
f 1000K; 1000 x 0.705 


= 353.7 cal/g [From Eq. (1)] 
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Ex. 12. The addition of 4 g of a substance X in 100 g of a 


solvent S raised the B.P. of S by 0.60 K. Calculate : 


or 


or 


(a) Freezing point depression of S. 

(b) Relative vapour pressure lowering of S. 

(c) Osmotic pressure of the solution at 300 K. 

(d) Molecular mass of X. 
(where, K, and K; of the solvent are 5.0 and 32.0 
respectively, mol. mass of S = 150 and density of the 
solution is 1.6 x 10° kg mol”). 


Sol. 
1000K,w, 
(a) AT, = 
wom) 
1000 x5 x4 
Too 100 x mı 
1000 x 5 x 4 
miS TY 78S 
1000K; w 
T= f 1 _ 1000 x32x4_ g g4 
Wom 100 x 333.33 
Freezing point depression = 3.84’. 
(b) Relative lowering of V.P. 
„P Ps_WM2___ 4x150 -0.018 


p wm, 100 x 333.33 
(c) Osmotic pressure, 


(63) 
= 9, RT 
4 x 0.0821 x 300 yM ) 
d 


333.33 x ( 100x 1000 ) 
1.6 x 10 
= 0-0047 atm. 

(d) The molecular mass of X, as calculated in part (a) = 333.33. 

Problem 19. Write short notes on the following : 

(i) Abnormal molecular weights or abnormal solutes. 
(Meerut 2007) 

(ii) van’t Hoff factor. (Meerut 2005) 

(iii) Abnormal osmotic pressure. 

(iv) Degree of association. 

(v) Beckmann thermometer. 

(vi) Osmotic coefficient. 
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(1) Abnormal Molecular Weights or Abnormal Solutes 

It is seen that the molecular weights of certain substances, 
eg., NaCl, KNO, etc. in water when determined by any of the 
methods such as, osmotic pressure, lowering of vapour pressure, 
elevation in boiling point, depression in freezing point, are less than 
their normal molecular weights. However, molecular weights of 
certain substances (like benzoic acid in benzene) are greater than 
their normal molecular weights. The reason for this anomaly is 
that the substances either dissociate or associate in solution. The 
molecular weights thus obtained are far from normal. These are 
molecular weights known as abnormal molecular weights. 
Those solutes which give abnormal molecular weight are known as 
abnormal solutes. This fact is explained as follows : 

We know that the osmotic pressure (P) is directly proportional 
to concentration (C), which in turn is proportional to the number 
of particles. It is also established that the osmotic pressure is 
directly proportional to lowering of vapour pressure (Ap) and the 
latter is proportional to elevation of boiling point and depression 
in freezing point (AT). All these properties are in turn inversely 
proportional to molecular weight of the substance. Mathematically, 

‘ 1 
P œ C œ No. of particles ~ Ap œ AT œ Mol. wt. 
1 
Number of particles 

In dissociation, the number of particles increases and so the 
observed molecular weight is less than the normal molecular 
weight. In association, the number of particles decreases and thus, 
the observed molecular weight is higher than the normal molecular 
weight. Thus, 


ie., Mol. wt œ 


1 
Normal number of particles 
1 
Number of particles after 
dissociation or association 


Normal mol. wt œ 


Observed mol. wt. « 


Normal mol. wt. 
Observed mol. wt. 
No. of particles after dissociation or association 
Normal number of particles 
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(2) van’t Hoff Factor 

van't Hoff showed that all properties, e.g., osmotic pressure 
(P), lowering of vapour pressure (Ap), elevation in boiling point 
(AT), depression in freezing point (AT) depend upon the 
concentration (C) of the solute, i.e., on the number of particles of 
solute. These properties are known as colligative properties. * 
For electrolytes, the number of particles increases and so the above 
colligative properties are all higher for solutions of electrolytes 
than for non-electrolytes of the same molecular concentration. The 
above colligative properties have a lower value for solutes which 
associate in solution. To account for this, van’t Hoff introduced a 
factor known as vant Hoff factor (i). It is represented by, 


P obs S APobs z ATobs 
P nor ÂPnor ATnor 


Observed colligative property of an electrolyte 
Normal colligative property of an electrolyte 
Since these properties vary inversely as molecular weight of 
solutes, it follows that, van’t Hoff factor, 
i= Normal molecular weight 
Observed molecular weight 


In general, i = 


(3) Degree of Association 

It is defined as the, fraction of the total number of molecules 
which associate or combine to form bigger molecules. 

Consider one mole of a solute X in a given volume of a solvent. 
Let n simple molecules of X combine to give an associated molecule 
as follows : 

nX === (X) 
Let x be the degree of association. Thus, 


Number of molecules before association = 1 
Number of unassociated molecules = 1 - x 
Number of associated molecules =x/n 

Total number of effective molecules =1 -x = 


* Colligative property of a substance is that property which depends only on the 
number of particles in solution. 
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We know that : 
Normal mol. wt. _ No. of molecules after association 
Observed mol. wt. No. of molecules before association 
Normal mol. wt. _ 1-x + (x/n) 
Observed mol. wt. - 1 
Knowing the value of n, i.e., number of simple molecules which 
combine to give one associated molecule, x the degree of association 
can be easily calculated*. 


(4) Abnormal Osmotic Pressure 


When the osmotic pressure of substances other than 
non-electrolytes are measured, the values are either much higher 
or lower than those calculated from the general solution equation 
PV =nRT. It is due to the fact that in such cases, the molecules 
either dissociate or associate in solutions and since the osmotic 
pressure is directly proportional to the concentration, i.e., number 
of particles in solution, the osmotic pressure will thus be either 
higher or lower than the normal value. The observed osmotic 
pressure will be higher for substances which dissociate in solution 
than those substances, which neither dissociate nor associate. The 
observed osmotic pressure values are thus known as abnormal 
osmotic pressures. 

The ratio of observed osmotic pressure and normal osmotic 
pressure is called the van’t Hoff factor, i. Thus, 


Observed osmotic pressure __Normal molecular weight 
Normal osmotic pressure Observed molecular weight 


(As O.P. « 


PAE MEN 
Mol. Wt. ) 


(5) Beckmann Thermometer 


Beckmann thermometer is a very sensitive thermometer. It is 
graduated in one hundredths (1/100) of a degree over a range of 


* Benzoic acid in benzene associates as double molecules, i.e., n = 2. Thus, 
2C,H;COOH = (CH; COOH), 
0 


1 
(1 -x) x/2 

Normal mol. wt. _ No. of molecules after association 

Observed mol. wt No. of molecules before association 


_ł-x+(x/2)_ 1- (x/2) 
E 1 © 1l 


Thus, x can be easily calculated. 
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0-6 degrees. It has one large bulb at the bottom of a fine capillary 
tube. There is a small mercury reservoir at the top. The amount of 
mercury in this reservoir can be increased or decreased by gently 
tapping the top of the thermometer. Thus, the thermometer is 
adjusted so that the top of the mercury thread may rest at any 
desired point on the scale, when the thermometer is placed in the 
boiling or freezing solvent. This thermometer is very helpful for 
measuring small differences of temperature accurately. It is thus 
also known as a differential thermometer. 


(6) Osmotic Coefficient 
The ratio of van’t Hoff factor (i) and the number of ions (n) 
produced by 1 molecule of a solute is known as osmotic coefficient. 
It is represented by g. In other words, the ratio of observed osmotic 
pressure and osmotic pressure after complete dissociation is also 
known as osmotic coefficient. Thus, 
Observed osmotic pressure after dissociation 
~ Osmotic pressure after complete dissociation 


Ea 
arn 
The observed osmotic coefficient is always less than unity. 
Therefore, (1 - g) is a measure of both inter-ionic attraction and 
partial dissociation. For those electrolytes which are not completely 
ionised and exert inter-ionic attraction, the value of g is less than 
unity. 
Problem 20. Explain the following statements : 


(i) M/10 solution of NaCl and glucose though equimolar 
are not isotonic. (Meerut 2005) 

(ii) The boiling point of solvent is elevated and its 
freezing point depressed by the addition of a solute. 


(i) Isotonic solutions are those solutions which exert the same 
osmotic pressures. This is true for those solutes which do not 
dissociate in solution. In such a case, the number of particles before 
and after dissociation remain the same and so observed and normal 
osmotic pressures remain the same. 

M/10 solutions of NaCl and glucose are no doubt equimolar, but 
NaCl is an electrolyte, while cane sugar is not. So, NaCl will 
dissociate giving rise to larger number of particles and so observed 
osmotic pressure will be more than glucose, which do not dissociate. 
So, the two solutions will not be isotonic. 
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(ii) When a liquid is heated, its vapour pressure rises and when 
it equals the atmospheric pressure, the liquid boils. When 
non-volatile solute is added to the liquid, it lowers the vapour 
pressure. Therefore, it elevates the boiling point as the solution has 
to be heated to a higher temperature to make its vapour pressure 
become equal to the atmospheric pressure. 


Freezing point is the temperature at which the solid and liquid 
states of a substance have the same vapour pressure. As the vapour 
pressure of a solution is invariably less than that of the solvent, 
the solution freezes at a temperature lower than that of pure 
solvent. Thus, there is a depression in freezing point of the solvent 
on the addition of a solute to it. 


NUMERICAL PROBLEMS BASED ON DISSOCIATION, 
ASSOCIATION AND VAN’T HOFF FACTOR 


[I] Osmotic Pressure 

Ex. 1. Calculate the osmotic pressure of 20% anhydrous 
CaCl, solution of 0°C assuming the salt to be completely 
tonised. (Ca = 40, Cl = 35.5). 

Sol. The normal osmotic pressure of CaCl, is given by, 


w 20. 0.0821 x 273 


Pror= my FT Th x01 
= 40.38 atmosphere. 
[Mol. wt. of CaCl = 40 + 2 x 35.5 = 111] 
If CaCl, is completely ionised, one mole of it gives 3 particles. 


Le., 
CaCl === Catt + 201 
1 0 o7 (Before dissociation) 
0 1 9 (After complete dissociation) 


No. of pa:*icles before dissociation = 1 
No. of particles after dissociation = 3. 
O.P. (observed) __No. of particles after dissociation 
O.P. (normal) ~ No. of particles before dissociation 
or O.P. (observed) = x 40.38 = 121.14 atmospheres 
Ex. 2. A 1% solution of KCI is dissociated to an extent of 
80%. What would be its osmotic pressure ai 27°C? 
Sol. Molecular weight of KCI = 39 + 35.5 = 74.5 
As before, the normal O.P. is calculated as follows, i.e., 


Now, 
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w 1 
P= my T= 745x01 x 0.0821 x 300 
= 3.306 atmospheres. 


Potassium chloride dissociates as follows : 


KIS => K' + Cl 
0 0 (Before dissociation) 
1- i: 80 0.80 0.80 (After dissociation) 


No. of particles before dissociation = 1 
No. of particles after dissociation = 1 — 0.80 + 0.80 + 0.80 
= 1.80 
O.P. (observed) _ No. of particles after dissociation 
O.P. (normal) No. of particles before dissociation 


or O.P. (observed) = 2 x 3.306 = 5.95 atm. 


Now, 


Ex. 3. Calculate Ms osmotic pressure of N/10 NaCl 
solution which ionises to an extent of 80% at 27°C. 

Sol. Normal molecular weight of NaCl = 23 + 35.5 = 58.5 

Normal osmotic pressure can be calculated as follows : 


-W 
mV a 
N/10 solution of NaCl means 5.85 g of NaCl is dissolved in 1 


litre. Therefore, w = 5.85; V = 1; m = 58.5; T = 27 + 273 = 300 K. 


5.85 x 0.0821 x 300 
P= 5B BX 1 = 2.463 atm. 


The degree of dissociation NaCl is represented as : 
NaCl ==> Na* + Cl 


0 0 (Before dissociation) 
l-a a a (After dissociation) 


where, œ = degree of dissociation = 0.8 
Now O.P. (observed) _ No. of particles after dissociation 

’ O.P. (normal) No. of particles before dissociation 

O.P. (observed) _1-a+a+a_1+a_1+08_ 1.8 

2.463 1 1 1 1 

or Observed O.P. = 2.463 x 1.8 = 4.433 atm. 

Ex. 4. The osmotic pressure of a 0.5N solution of NaCl is 
20.29 atmospheres at 18°C. Calculate the degree of 
dissociation of the salt. 


or 
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Sol. Observed O.P. = 20.29 atmospheres. 
The normal O.P. can be calculated from the formula by putting 
the molecular weight of NaCl = 23 + 35.5 = 58.5. 
0.5N solution of NaCl means that 0.5 x 58.5, i.e., 29.25 g of 
NaCl is dissolved in 1 litre, so that 
w = 29.25; V = 1; m = 58.5; T = 273 + 18 = 291 K 


Ww _ 29.25 x 0.0821 x 291 _ 
Therefore, P = mV": RT = eee ~ 11.94 atm. 


NaCl dissociates as follows : 


NaCl=—= Nat + Cl 
1 0 0 (Before dissociation) 
l-a a a (After dissociation) 
where, a = degree of dissociation = 0.8 
No O.P. (observed) _ No. of particles after dissociation 
> O.P. (normal) No. of particles before dissociation 


or 20.29 _l-atata_l+a_ 
11.94 1 1 
or = aa irod 00993 
Degree of dissociation = 69.93% 
Ex. 5. Find out the osmotic pressure of a decinormal 
solution of NaCl at 27°C, taking NaCl to be 40% dissociated 


at this dilution. (Meerut 2006) 
Sol. The molecular weight of NaCl = 58.5 
The normal O.P. can be calculated from the relation 
w 
P= mV" RT 
N/10 NaCl solution means that 58.5/10, i.e., 5.85 g of NaCl are 
dissolved in 1 litre. Thus, 
_ 5.85 x 0.0821 x 300 _ 
P= 585 x1 = 2.463 atmospheres 
The dissociation of NaCl is as follows : 
NaCl == Na’ + Cl 
1 0 0 (Before dissociation) 
1-0.4 0.4 0.4 (After dissociation) 
O.P. (observed) _ No. of particles after dissociation 
O.P. (normal) No. of particles before dissociation 
1- 04t04t04y 2.463 


or O.P. (observed) = 
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or = 1.4 x 2.463 = 3.4482 atmospheres. 

Ex. 6. A 3.4% solution of BaCl, is isotonic with a 7.2% 
solution of glucose (C,H,,0,). Calculate the degree of 
dissociation and the van't Hoff factor for BaCl, solution. 
(Ba = 137.3, H=1, C = 12, O = 16, Cl = 35.5). 

Sol. Since the solutions are isotonic, we have 


BaCl, Glucose 


384 72 | 
mıx0.1 180x0.1 
180 x 0.1 x 3.4 
or m= 72x01 = 85 


This molecular weight is the observed or experimental 
molecular weight of BaCl,. 


The normal molecular weight of BaCl, = 137.3 + 71 = 208.3 
BaCl, dissociates as follows : 


BaCl Ba” + 2C 
0 


1 0 (Before dissociation) 
l-a a 2a (After dissociation) 


where, a = degree of dissociation. 


Now Observed mol. wt. __No. of particles after dissociation 
’ Normal mol. wt. No. of particles before dissociation 


ff 8 rs. eae 
208.3 1-a+a+2a 208.3 1+2a 

or gq= 7083 12245-12145 

ox an t$ = 0.725 


Degree of dissociation = 72.5%. 
Normal mol. wt. — 208.3 
Observed mol. wt. 85 
Ex. 7. Ifa solution of mercuric cyanide containing 3 g per 
litre has an osmotic pressure of 232 mm at 25°C, what is the 


apparent molecular weight and the degree of dissociation of 
mercuric cyanide? (Hg = 200.6, C = 12, N = 14). 


van’t Hoff factor = = 2.45 
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Sol. Normal molecular weight of 


Hg(CN)y = 200.6 + 2 (12 + 14) = 252.6 


Experimental or observed molecular weight can be calculated 
from the given data and according to the equation 


P= y RT 
w . RT _ 3 x 0.0821 x 298 _ 
m= PV a38 : = 234.37 


760 * 
Mercuric cyanide dissociates as follows 
Hg(CN) ===> Hg” + 2CN™ 
1 0 0 
a 2a 
Observed mol. wt. _ No. of particles before dissociation 
Now = 
Normal mol. wt. 


No. of particles after dissociation 
ee 234.37 


1 
2526 1+2a 
or 


a = 0.0389 
(i) Apparent or observed molecular weight = 234.37 
(ii) Degree of dissociation = 3.89% 


[Il] Lowering of Vapour Pressure 


(Before dissociation) 
l-a 


(After dissociation) 


Ex. 8. At 0°C, vapour pressure of water = 4.62 mm and 
that of 2.28 g of CaCl, in 100 g of water = 4.584 mm. Calculate 
the degree of dissociation of the salt. 


Sol. Normal molecular weight of CaCl, = 40 + 71 = 111 


Observed molecular weight of CaCl, can be calculated from the 
given data and using the equation 


P~Ps_ W img 


p wm; 
m 4.62 -4.584 28x18 
4.62 1000xm; 


4.62 x 2.28 x 18 
or mı =i00x0036 ` 52.668 
The dissociation of CaCl, is as follows 
a == Ca” + 207 
0 0 


oe a 2a 


(Before dissociation) 
(After dissociation) 
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Observed mol. wt. _ No. of particles before dissociation 


Now, 


Normal mol. wt. — No. of particles after dissociation 
oe 52.668 _— 1 
111 “1+20 
111 
or 20= z3 ggg ` 272107 - 1 = 1.107 
or a= +107 0.5535 


Degree of dissociation = 55.35% 


Ex. 9. A 2.85% aqueous solution of sodium nitrate was 
found to have a vapour pressure of 751 mm at 100°C. 
Calculate the degree of dissociation of the salt at this 
dilution. 

Sol. The vapour pressure (p) of pure solvent at 100°= 760 mm. 

Therefore, the observed molecular weight (m,) can be 


calculated as follows : 


P Wont 
760 -751 _ 2.85x 18 
760  100xm, 
‘a ee 2.85 x 18 x 760 
100 x9 
The theoretical molecular weight of NaNO, = 23 + 14 + 48 = 85 
NaNO, dissociates as follows : 


NaNO; == Na’ + NO3 


or [Molecular weight of H,O = 18] 


= 43.32 


1 0 0 (Before dissociation) 
i-a a a (After dissociation) 
Now Observed mol. wt. _ No. of particles before dissociation 
> Normal mol. wt. No. of particles after dissociation 
a 43.32 1 
85 l+a 
or aœ =- -1 = 1.962 - 1 = 0.962 
43.32 


' Degree of dissociation = 96.2% 

Ex. 10. A solution containing 4.81 g of mercuric cyanide 
in 100 g of water has a vapour pressure of 755.2 mm at 100°C. 
What is the apparent molecular weight, degree of 
dissoc.ation and van’t Hoff factor of the salt? 
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Sol. The observed molecular weight (m,) of Hg(CN), can be 
calculated from the equation, 


D~Ps_ W M2 


P wom, 
760 — 755.2 Z 4.81 x18 
76 100 x mi 


(V.P. of H20 at 100° = 760 mm, mol. wt. of H30 = 18) 


a mie 760 x 4.81 x 18 
17 48x100 
Normal molecular weight of Hg(CN), = 252.6 


Hg(CN), dissociates as follows : 


= 137.08 


Hg(CN) ===> Hg** + 2CN™ 
1 10) 


0 (Before dissociation) 
l-a Q 2a (After disscciation) 
N Observed mol. wt. _ No. of particles before dissociation 
> Normal mol. wt. ~ No. of particles after dissociation 
>i 137.08 __ 1 
2526 1+2a 
252.6 
or 2a = 137.08 ~ 1= 1.842 -1=0.842 
or oa = 0.421 
Normal mol. wt 
J: 2 {f = 
Now, van’t Hoff factor Oben ca mol Wi 
_ 2526 _ 
137.08 la 


G) Apparent molecular weight = 137.08 
(ii) Degree of dissociation = 42.1% 
Gii) Van’t Hoff factor = 1.842 


[I1] Elevation of Boiling Point 


Ex. 11. A solution of BaCl, containing 9.0 g of the 
anhydrous salt per litre boils at 100.056°C under a pressure 
of 760 mm Hg. Calculate the degree of dissociation of the 
salt, if the molar elevation constant for water is 0.52° per 
1000 g. Also calculate the van’t Hoff factor. (Ba = 137.3, 
Cl = 35.5). 

Sol. The normal molecular weight of 
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BaCly = 137.3 + 71.0 = 208.3 


The experimental or observed molecular weight (m,) of BaCl, 
‘can be calculated from the given data. 
W 1 = 9.0; we = 1000; AT = 100.056 — 100 = 0.056"; K, = 0.52; m; =? 


m, = 10005 w1 _ 1000 x 0.52 x 9 
1 we.AT ~— 1000 x 0.056 


BaCl, dissociates as follows : 


BaCl ==> Ba**t + 207 


= 83.57 


1 0 0 (Before dissociation) 
1-a v7 2a (After dissociation) 
Now Observed mol. wt. _ No. of particles before dissociation 
> Normal mol. wt. No. of particles after dissociation 
83.57 1 


or or Q= 0.7462% 


208.3 1+2 
Degree of dissociation = 74.62% 
Normal mol. wt. _ 208.3 _ 
Observed mol. wt. 83.57 — Aapa 
Ex. 12. The boiling point of an aqueous solution 
containing 5 g KCI per litre at 760 mm pressure is 100.065°C. 
Calculate the degree of dissociation (K, = 0.54). 
Sol. Normal molecular weight of KC] = 39 + 35.5 = 74.5 
Observed molecular weight, m 


_ 1000K, 100x0.54x5 


van’t Hoff factor = 


= DAT * 1000 x 0.065 ` 413 
KCI dissociates as : 
KCl === K* + Cl 
1 0 0 (Before dissociation) 


(1-a) a a (After dissociation) 
where, œ = degree of dissociation. 
No. of particles after dissociation = 1-a+a+a=1+a0 


Normal mol. wt. _ No. of particles after dissociation 
Observed mol. wt. No. of particles before dissociation 


dr 745 1+0 
41.53 1 
74.5 
or a= 41.53 ~ 1 = 1.793 - 1 = 0.793 


.. Degree of dissociation = 79.3% 
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Ex. 13. A solution of KCl containing 5 g per litre boils at 
100.065°C at 760 mm. Determine the deg.ee of dissociation of 
KCl and van't Hoff factor. Given that : Kio = 0.54’; 
K = 39, Cl = 35.5. 

Sol. See Ex. 12. 

Ex. 14. A solution of barium nitrate containing 11.07 g of 
the salt in 100 g of water boils at 100.466". The boiling point 
of a solution of a normal non-dissociating salt containing 1g 
mole of a salt in 1000 g of water is 100.52°C. Calculate the 
degree of dissociation of barium nitrate in the solution. (Mol. 
wt. of barium nitrate = 261.5). 

Sol. According to definition, molal elevation constant (K,) is 
defined as, “the elevation in b. pt. when 1 g mole of a solute is 
dissolved in 1000 g of the solvent”, and thus according to the second 
sentence of the question, the elevation in b. pt. of a solution 
containing 1 g mole of the non-dissociating salt is 0.52. Thus, 
K, = 0.52’. 

Now, w; = 11.07, w; = 100, AT = 100.466 — 100 = 0.466", 

K, = 0.52, m, =? 


1000K,.w1 _ 1000 x 0.52 x 11.07 


Tear Oe Rodee. ee 
Ba(NO3), dissociates as follows : 
Ba(NO3)2 ===> Ba™ + 2NO3 
1 0 0 (Before dissociation) 
l-a a 2a (After dissociation) 
Now Observed mol. wt. _ No. of particles before dissociation 
oW “Normal mol. wt. No. of particles after dissociation 
n 1235 1 
261.5 1+2a 
or a = 0.5587 


Degree of dissociation = 55.87% 


Ex. 15. Acetic acid associates in benzene to form double 
molecules. 1.65 g of acetic acid when dissolved in 100 g of 
benzene raised the boiling point by 0.36°C. Calculate the 
van’t Hoff factor and the degree of association of acetic acid 
in benzene. Molal elevation constant of benzene is 2.57’. 


Sol. Normal molecular weight of CHCOOH = 60. 
Now, w, = 1.65, w = 100, AT = 0.36, K, = 2.57°, m; =? 
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1000K, .w, _ 1000 x 2.57 x 1.65 
mherelore, Mas AT 1000.86 


Normal mol. wt. _ 60 
Observed mol. wt. 117.79 
Since acetic forms double molecules on association, therefore, 
we have 
2CH3;COOH === (CH3COOH), 
1 0 


= 117.79 


van’t Hoff factor = = 0.509. 


(Before association) 
l-a a2 (After association) 


where a = degree of association. 
Now Observed mol. wt. _ No. of particles before dissociation 


Normal mol. wt. No. of particles after dissociation 
a 117.79 _ 1 a 117.79 _ A. 
80 iad ee {a2 
2 2 
or 8 
2 ` 117.79 


. Degree of association = 98.14% 
Ex. 16. The latent heat of vaporisation of CS, is 85.9 cal 


and its boiling point is 46.2°C. A solution of 0.9380 g benzoic 
acid in 50.0 g CS, boils at 47.380°C. Calculate the apparent 


molecular weight and van’t Hoff factor. 
Sol. Normal mol. wt. of benzoic acid (CgH,COOH) = 122. 
Value of ‘K’ of CS, can be calculated from the equation, 

__ RT? _ 2x (319.2)? _ 

~ 1000L, 1000 x 85.9 © 


We have, w, = 0.9380, ws = 50, AT = 47.380 — 46.2 = 1.18°, m; =? 


1000K,w1 1000 x 2.372 x 0.9380 
a age 50 x 1.18 te 


(i) Apparent molecular weight = 37.71 


< ; __Normal mol. wt. 122 _ 
Nant pA ato hevd mkn Gia A 


K, 2.372 


[IV] Depression of Freezing Point 


Ex. 17. The solution obtained by dissolving 1.26 g of 
sodium chloride in 50 g of water freezes at —1.53C. Calculate 
the degree of dissociation of sodium chloride. K; for 1000 g 


of water is 1.86°C. 
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Sol. Normal molecular weight of NaCl = 23 + 35.5 = 58.5. 
We have, w,=1.26; w, = 50; AT=0 - (- 1.53) = 153; m, =? 
Ky= 1.86". 
1000K;w, _ 1000 x 1.86 x 1.26 
WAT 50 x 1.53 


Now Observed mol. wt. _ No. of particles before dissociation 


Normal mol. wt. No. of particles after dissociation 
30.63 1 1 


Therefore, m, = = 30.63 


58.5 1+(2-la 1+a 
(As NaCl gives 2 ions on dissociation) 
_ 58.5 .4_ E 
or a= 30 63 1 = 1.909 - 1 = 0.909 


<. Degree of dissociation = 90.9% 


Ex. 18. The freezing point of a solution of 4 g of cadmium 
iodide in 95 c.c. of water is — 0.22°C. Calculate the apparent 
molecular weight of cadmium iodide and its degree of 
dissociation. (Kioo = 1.85°, Cd = 112: I = 127). (Meerut 2007) 

Sol. Normal molecular weight of Cdl, 

= 112+ 2 x 127 = 366. 
We have, w: = 4; wg = 95; AT = 0 - (— 0.22) = 0.22; m] =? 


1000K; w1 _ 1000 x 1.85 x 4 


Thus, mı= woAT = Or x 002. ` 354.06 
Now Observed mol. wt. _ No. of particles before dissociation 
” Normal mol. wt. — No. of particles after dissociation 
354.06 1 7 
or 366 12a (As n for Cdi, = 3) 
366 
or = 354.06 ` |7 1033 - 1 = 0.033 
or a = 0.0165 
(i) Apparent molecular weight = 354.06 
(ii) Degree of dissociation = 1.65% 


Ex. 19. Phenol associates in benzene to a certain extent 


to form dimer. A solution containing 20 x 10° kg of phenol in 
1.0 kg of benzene has its freezing point depressed by 0. 69A. 
Calculate the fraction of phenol that has dimerised. K, for 


benzene = 5.12 kg mol” K. 
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Sol The association of phenol occurs as : 

2CgH;0H=—= (CgH;0H)2 

1 0 (Before association) 
Q-a) W2 (After association) 

where a= degree of association. 

No. of particles after association =1-a+0/2=1-0/2 

No. of particles before association= 1 

Normal molecular weight of phenol (C,H;OH) 

=72+5+16+1 =94 

The observed molecular weight (m) of phenol can be calculated 

from the formula, 


1000K,-w, 
7 pam 
on 0.69 = 1000 x 5.12 x 10 x 10-8 
1.0 x m; 
1000 x 5.12 x 20 x 10° 
15 "1.0 x 0.69 SA 
Observed mol. wt. _ No. of particles before dissociation 
Normal mol. wt. No. of particles after dissociation 
148.4 1 
94 1-a/2 
On solving, a = 0.7332 


Phenol is 73.32% dimerised. 
Ex. 20. Phenol (C,H;OH) associates in water to double 


molecules. When 0.75 g of phenol is dissolved in 45 g of water, 
the freezing point depressed by 0.255°C. Calculate the degree 
of association of phenol. (K; for water is 1.86° per 1000 g). 


Sol. Normal molecular weight of CHOH = 72 + 6 + 16 = 94. 
The observed or apparent molecular weight (m) can be 
calculated for which w; = 0.75; ws = 45; T = 0.255; m; =? 


1000K;w, _ 1000 x 1.86 x 0.75 
ae ass = 
Henger WwAT 45 x 0.255 a 


Phenol associates as follows : 
2CgH;0H === (CgH;0H)2 
1 0 


(Before association) 
d-a) Y2 (After association) 
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where, a = degree of association. 
Observed mol. wt. _ No. of particles before dissociation 


Now, Normal mol. wt. ~ No. of particles after dissociation 
be 121.56 E 1 
94 ` 1-a+(%2) 
m 121.56 _ 1 
94 1 - (&/2) 
or 1- 2- 2: 
2 121.56 
94 
or a=2 1- spr gg |= 04590 


Degree of association = 45.36% 


Ex. 21. A solution containing 0.2965 g of benzoic acid in 
2027 g benzene freezes at temperature 0.317°C below the 
freezing point of the solvent. The freezing point of benzene is 
5.5°C and its latent heat of fusion is 30.1 cal /g. Calculate the 
degree of association of benzoic acid, if it forms double 
molecules. 


Sol. We have, 


_ RT? _ 2x (5.5 +273)" 2x (278.5)" 
a 1000L,  1000x30.1 1000 x 30.1 


Normal molecular weight of benzoic acid (CgH;COOH) = 122. 
We have, w, = 0.2965; w, = 20.27; AT = 0.317; m, =? 
1000K¢w1 _ 1000 x 5.15 x 0.2965 


= 5.15 


Thus: Une Ag = OAIT eee 
Benzoic acid associates as follows : 
oe re et (CgH5COOH)2 
0 (Before association) 
an a w2 (After association) 


where, œ = degree of association. 
N Observed mol. wt. _ No. of particles before association 


’ Normal mol. wt. No. of particles after association 
S Fa: oe: AE 
122 1-a+(a/2) 1-(a/2) 
sr _a@_ 122, 
~ 2 237.63 
or a = 0.9732 


Degree of association = 97.32% 
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Ex. 22. A 0.5% aqueous solution of potassium chloride is 
found to freeze at - 0.24°C . Calculate the van’t Hoff factor of 
the solute at this concentration. K; for water is 1.86° for 


1000 g. 
Sol. The observed molecular weight (m,) of KCl is given by, 


ok 1000K; w; 
WAT 
Here, w, = 0.5; w = 100; AT = (0 — 0.24) = 0.24 
Pi 1000 x 1.86 x 0.5 
17 100 x 0.24 
Normal molecular weight of KC] = 39 + 35.5 = 74.5. 
Normal mol. wt. _ 74.5 
Observed mol. wt. 38.75 — 
van’t Hoff factor = 1.92 
Ex. 23. The freezing point of a solution of 1 g of a 
monobasic acid in 100 g of water was found to be — 0.168°C. 
0.200 g of the acid when dissolved and titrated required 15.1 
c.c. of N/10 alkali. Calculate the degree of ionisation of the 
acid in the solution. The molecular depression for 1000 g of 
water is 1.85". 
Sol. From the second sentence of the question, we can easily 
calculate the theoretical molecular weight of the monobasic acid. 
15.1 c.c. of N/10 alkali = 0.2 g acid 


= 38.75 


van’t Hoff factor = 1.92 


or 1.51 c.c. of N alkali = 0.2 g acid 
or 1000 c.c. of N alkali = 02x100 g acid = 132.45 g acid 


Eq. weight of acid = 132.45 
Since the acid is monobasic, therefore, mol. wt. = 132.45 
The apparent molecular weight of the acid can be calculated 
from the given data, for which 
w = 1; w = 100; AT = 0.1; K= 1.85; m; =? 


._ 1000K-w _ 1000 x 1.85 x 1 
ius MLS mAT oo 


The dissociation of a monobasic acid (HA) is represented as : 
P 2 
HA s H! + A 
1 0 0 (Before dissociation) 
l-a a a (After dissociation) 
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Observed mol. wt. _ No. of particles before dissociation 


Now, Normal mol. wt. No. of particles after dissociation 
7 110.1 1 
r 132.45 1+0 
132.45 
or a= -101 T 1 = 1.203 - 1 = 0.203 


.. Degree of dissociation = 20.3% 

Ex. 24. 1 g of a dibasic organic acid when dissolved in 
100 ml of water caused a lowering of freezing point by 0.15". 
10 ml of the acid solution required 12 ml when titrated 
against N/10 alkali. Calculate the degree of ionisation of the 
acid, K; for water = 1.89° per 1000 g of solvent. 

Sol. The normal molecular weight of the dibasic acid can be 
determined from the second part of the question. The normality 
(N,) of the acid solution is calculated as follows : 


N,V, =NoVo 
Acid Alkali 
N 
Nı x 10= 7g 12 
Nx12 3 
Sa Ni = 40x10 ~ 25 


1 g of the acid is dissolved in 100 ml of water, therefore, 
strength of the solution is 10 g/litre. 


Strength (in g/litre) = Normalty (N,) x Eq. wt. (E), 


2 250 
10=55xH or E= 3 
Since the acid is dibasic, therefore, 
Mol. wt. = Eq. wt. x 2= 222 x 2 = 166.66. 


3 
The apparent or observed molecular weight (m,) of the acid can 
be calculated for which, 
w = 1l; wg = 100; AT = 0.15; m =? 
m, - 100K w1 _ 1000 x 1.89 x 1 
1 wyAT — 100x0.15 
= 126.0 
The dissociation of a dibasic acid, R(COOH), is represented as 
follows : 
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COO 


R(COOH), == | R < + 2H* 
1 pag 0 (Before dissociation) 
l-a a 2a (After dissociation) 


Now. Observed mol. wt. _ No. of particles before dissociation 
” Normal mol. wt. No. of particles after dissociation 
EO ORE 
166.66 1+2a 
or a = 0.1613 

Degree of dissociation = 16.13% 

Ex. 25. 1 g dibasic acid per 100 c.c. solution caused a 
lowering of freezing point by 0.15°. If 10 c.c. of this solution 
contains 1.2 x 10° equivalents of acid, calculate the degree 
of ionisation of acid (K = 1.89° kg mole’). 

Sol. 


10 ml of solution contains acid = 1.2 x 107 eq. 


1.2 x 107? x 1000 


1000 ml of solution contains acid = 1000 


= 0.12 eq 
Amount of acid present in 1000 ml solution = 10 g 
Concentration = Equivalents x Equivalent weight 


or 10=0.12xE 
__10 _ 1000 
B= 932712 
Normal molecular weight = Equivalent weight x Basicity 
_ 1000 ie 1000 
— 12 ~ 6 
COOH | 
Ro == R(COO)* + 2H 
bs COOH 
1-a Qa 2a 


Number of particles after dissociation 
=1l-atat+2a0=1+2a 
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Observed molecular weight 


_ 1000K wi _ 1000 21.89 1 og 
~ wT ~— 100x015 | 


Normal mol. wt. _ No. of particles after dissociation 
Observed mol. wt. No. of particles before dissociation 


(1000/6) _ 1+ 2a 


oF 126 1 
a = 0.1613 


Degree of dissociation = 16.13% 
Ex. 26. The solution obtained by dissolving 1.25 g of 
sodium chloride in 50 g of water freezes at —-1.53°C. Calculate 
the degree of dissociation of sodium chloride, given molar 
depression in 1000 g of water is 1.86° (Na = 23, Cl = 35.5). 
Sol. Normal molecular weight of NaCl = 23 + 35.5 = 58.5. 
Observed molecular weight is determined as follows : 
1000K, w: 

a= wg. AT 

Here, Kr= 1.86; wy = 1.25; wo = 50; AT = 0 - (1.53) = 1.53 


1000 x 1.86 x 1.25 
mic 59S 0 099 


or 


NaCl dissociates as follows : 


NaCl == Nat + Cr 
1 0 0 (Before dissociation) 
l-a a a (After dissociation) 
Normal mol. wt. _ No. of particles after dissociation 
Observed mol. wt. No. of particles before dissociation 
58.5 l-a+at+a_ lta 


a 30.39 F 


1 1 
a = 0.9249 


Degree of dissociation = 92.49% 
Ex. 27. The solution of 1 g of AgNO, in 50 g of water 


freezes at —0.348°C. Calculate the degree of ionisation of 
AgNO}. (Meerut 2006) 


Sol. Observed mol. wt. (m) of AgNO; is calculated as, 


1000Krw1 _ 1000 x 1.86 x 1 
mis AT ~~  50x0,348 V99 


or 
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Normal mol. wt. of AgNO; = 108 + 14 + 48 = 170 
AgNO,;=—=—= Ag* + NO3 
1 0 


0 (Before dissociation) 
l-a a a (After dissociation) 
Normal mol. wt. _ No. of particles after dissociation 
Observed mol. wt. No. of particles before dissociation 
s 170 _1+0 
106.89 1 
or a. = 0.5904 


Degree of ionisation = 59.04% 
Ex. 28. An aqueous solution develops an osmotic pressure 
of 1.28 atm. at 27°C. Calculate its freezing point. (Molal 
depression constant for water is 1.86°). 
Sol. From solution equation, we have, P = T .RT 
w 
mxl 
w 1.28 
m 0.0821 x 300 


The concentration of solute is 0.519 mole per litre. 
1000K; w 

Wom, 
We have, Kr= 1.86, w/m; = 0.0519, wg = 100 g. 


1000 x 1.86 x 0.0519 
AT = 1000 = 0.0965 


Freezing point of the solution 


or 1.28 = 


x 0.0821 x 300 


or = 0.0519 


Further, AT = 


Freezing point of water - AT 
0 — 0.0965 = — 0.0965°C 


H 


IMPORTANT FORMULAE 


1. Osmotic pressure (P) of a solution is given by, 
w r 
= = Ty hr 
where, w = weight of solute in g,m = molecular weight of solute, 
V= volume of solution in litre (1000 cm? =1 litre), T= absolute 
temperature (= temperature in centigrade + 273), R = gas constant, 
0.0821 lit atm deg mole! 
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2. If solutions 1 and 2 are isotonic, then, 
Wi w2 
mıVı m2V2 
3. From Raoult’s law (for dilute solutions), 
PPs „rı _wime 
p n wmi 
where, p= vapour pressure of solvent, p,= vapour pressure of 
solution, nı =no. of moles of solute, no = no. of moles of solvent, 
w= weight of solute of molecular weight m}, wọ = weight of solvent 


of molecular weight mo. 


4. Relative lowering of vapour pressure 
_ _Lowering of VP. _ P -Ps 
V.P. of pure solvent p 
5. In Walter-Ostwald method, the molecular weight (m ) of solute can 
be calculated from the following formula : 


POPs _ Loss in weight of solvent bulb 9 
p Lossin weight of (solvent + solution) bulbs 


_ Loss in weight of solvent bulb wimg 
~ Gain in weight of CaCle tube ~ wom, 


6. (a) Elevation of boiling point, AT 

= (Boiling point of solution) — (Boiling point of solvent) 
_ 1000 Kw, 
wm; 


(b) @) AT 


where, K= molecular elevation constant or elevation constant of 
100 g of solvent, w= weight of solute, w= weight of solvent, 
m,= molecular weight of solute, 
Z 1000 K: 
Gi) ApS 
wm, 
where, K, = molal elevation constant or elevation constant for 1000 
g of solvent. 


RT? 

Le 
where, k = elevation constant for 1 g of solvent, T = boiling point of 
pure solvent, L, = latent heat of vaporisation per g of solvent. 


(c) k = 100K = 1000K; = 


7. (a) Depression in freezing point, AT 
= (Freezing point of solvent) — (Freezing point of solution) 


(b) (i) 
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where, K = molecular depression constant or depression constant for 
100 g of solvent. 
1000Kf w 
wom, 
where, Ky = molal depression constant or cryoscopic constant. 
k=100K 


(ii) AT = 


= 1000 Kr= ar 


where, k = depression constant for 1 g of solvent, T= freezing point 
of pure solvent, Lr= latent heat of fusion per g of solvent. 
8. van’t Hoff factor (i) is given by, 
j= Pobs = APobs z ATobs 
Pnor APnor AT nor 
_ _No. of particles after dissociation or association 
~ No. of particles before dissociation or association 
_ Normal molecular weight 
Observed molecular weight 


EXERCISE 


[!] Multiple Choice Questions 
1. The following particles can only pass through a semi-permeable 


membrane : 
(i) Solute particles Gi) Solvent particles 
(iii) Complex ions (iv) Simple ions 


2. The vapour pressure of a solution is : 
(i) Proportional to its total pressure 
(ii) Inversely proportional to concentration of solute 
(iii) Proportional to temperature of solution 
(iv) Proportional to absolute temperature of solution 
3. The order of osmotic pressures of equal molecular concentrations of 


glucose, NaCl and BaCl, is : (Meerut 2006) 
(i) Glucose > NaCl > BaCle (ii) NaCl>BaCle > Glucose 
(iii) BaCl > NaCl > Glucose (iv) Glucose > BaCle > NaCl 

4. In an aqueous solution 18 g glucose is present in 1000 g of solvent. 
It is: 
(i) 1 molal (ii) 2 molal 


(iii) 0.5 molal (iv) 0.1 molal 
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5. The cover of an egg is removed by means of dil. HCl and is then 
dipped in a saturated solution of salt. It will : 


Gi) Shrink (ii) Expand 
Gii) Have no effect 
(iv) First shrink and then expands 
6. 1.25 g of a non-electrolyte dissolved in 20 g water freezes at 271.94 
K. If K= 1.86", then the molecular weight of solute is : 
(i) 207.8 Gi) 209.6 
(iii) 179.8 (iv) 109.6 


7. Assuming NaCl to be completely ionised the freezing point of 1 molal 
solution (Kp= 1.86") is : 


(i) -1.86°C (ii) -3.72°C 
Gii) + 1.86°C (iv) +3.72°C 
8. The molal elevation constant of water is : 
(i) 5.15° (ii) 0.515° 
Gii) (0.515 x 2Y (iv) (0.515 x 3Y 


9. At 27°C the osmotic pressure of a solution containing 0.5 g/litre of a 
substance (mol. wt. = 150) is : 


(i) 0.082 atm (ii) 0.164 atm 
(iii) 0.328 atm (iv) 0.041 atm 
10. The vant Hoff factors of glucose and NaCl are, respectively : 
G) 1,1 (ii) 2,2 
Gii) 1, 2 (iv) 2,1 


yee ANSWERS 
1. Gi), 2. (ii), 3. Gi), 4. (iv), 5. (i), 6. (iv), 7. Gii), 8. Gi), 9. (i), 10. (iii). 


[l1] Short Answer Type Questions 


1. Discuss van’t Hoff theory of dilute solutions and derive general 
solution equation for dilute solution. (Meerut 2007, 06) 
[For answer, please see problem 8] 

2. Mention the characteristics of ideal and non-ideal solutions. 

{For answer, please see problem 2] 

3. Describe the differences between diffusion and osmosis. 
[For answer, please see provlem 6] 

4. How will you determine molecular weight of solute from osmotic 
pressure of the solution ? 

[For answer, please see problem 7] 
5. State and explain Raoult’s law of lowering of vapour pressure. How 


it is helpful in determining the molecular weight of a non-volatile 
solute ? 


[For answer, please see problem 10] 
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6. 


7. 


10. 


11. 


12. 


13. 


14. 
15. 


16. 


17. 


18. 


[iit] 


Write a short note on van’t Haff factor. 

[For answer, please see problem 19] 

Write a short note on abnormal molecular weight. 

{For answer, please see problem 19] 

Write a short note on isotomic solutions. 

[For answer, please see problem 9] 

How will you determine the molecular weight of a solute from 
isotomic solutions ? 

{For answer, please see problem 9] 

What do you understand by abnormal osmotic pressure ? 

{For answer, please see problem 19] 

How will derive a relation between elevation of boiling point and 
lowering of vapour-pressure thermodynamically ? 

[For answer, please see problem 14] 

From thermodynamics point of view, derive a relation between 


‘depression of freezing point and molecular weight of solute. 


[For answer, please see problem 17] 

Derive a relation between osmotic pressure and lowering of vapour 
pressure. : 

[For answer, please see problem 12] 

How is osmotic pressure measured in non-aqueous solvents ? 

[For answer, please see problem 7} 

State and explain van’t Hoff theory of dilute solutions. 

{For answer, please see problem 8] 


` A solution contains 25% ethanol, 50% acetic acid and 25% water by 


mass. Calculate the mole fraction of ethanol and acetic acid. 

{For answer, please refer to Ex. 5 after problem 1] 

A solution of urea is isotonic with a 3% solution of glucose. Find the 
concentration of the urea solution. 

[For answer, please refer to Ex. 5, after problem 9] 

18.2 gm of an organic compound was dissolved in 100 gm of water at 
50°C. The lowering of vapour pressure produced was 5 mm Hg. 
Calculate the molecular weight of organic compound. The vapour 
pressure of water at 50°C is 92 mm Hg. 

{For answer, please refer to Ex. 7, after problem 12] 


Very Short Answer Type Questions 

Define normality. 

[For answer, please sce problem 1] 

Define molarity. [For answer, please see problem 1] 
Define molality. [For answer, please see problem 1} 


What do you understand by mole fraction of a solution ? 
[For answer, please see problem 1j 
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5. Define molal elevation constant. (Meerut 2005) 
[For answer, please see problem 15] 
6. Define molar depression constant. 
[For answer, please see problem 18] 
7. Define abnormal molecular weight. (Meerut 2007) 
[For answer, please see problem 19] 
8. Define activity and activity coefficient. 
[For answer, please see problem 5] 
9. Define osmosis. [For answer, please see problem 6] 
10. Define osmotic pressure of a solution. 
[For answer, please see problem 7} 
11. What is the effect of concentration on osmotic pressure ? 
[For answer, please see problem 7] 
12. How osmotic pressure of a solution is affected by temperature ? 
[For answer, please see problem 7] 
13. State van’t Hoff theory of dilute solutions. 
[For answer, please see problem 8] 
14. What are isotomic solutions ? [For answer, please see problem 9] 
15. Define Raoult’s law of lowering of vapour pressure. 
[For answer, please see problem 10] 
16. Give the relation between molal elevation constant and latent heat 
of vaporisation. [For answer, please see problem 15] 
17. Give the relation between molal depression constant and latent heat 
of fusion. [For answer, please see problem 18] 
18. Define relative lowering of vapour pressure. 
[For answer, please see problem 10] 
19. Calculate the molal depression constant for water. 
{For answer, please refer to Ex. 1 after problem 18] 
20. Calculate the mola! elevation constant for water. 
[For answer, please refer to Ex. 1, after problem 15] 
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No. log 
n = 3.14159 0.49715 
e = 2.71828 0.43429 


No. 
(1/M) = 2.30259 
M = 0.43429 


log 
0.36222 
1.63778 


In x = loge x = (1/M) logio x 
logx = logio x = M loge x 
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